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ABSTRACT
Liu and colleagues recently proposed an elliptical accretion disk model for tidal disruption
events (TDEs). They showed that the accretion disks of optical/UV TDEs are large and
highly eccentric and suggested that the broad optical emission lines with complex and diverse
profiles originate in the cool eccentric accretion disk of random inclination and orientation. In
this paper, we calculate the radiation efficiency of the elliptical accretion disk and investigate
the implications for the observations of TDEs. We compile the observational data of the
peak bolometric luminosity and the total radiation energy after peak brightness of 18 TDE
sources and compare the observations to the expectations from the elliptical accretion disk
model. Our results show that the observations are well consistent with the expectations and
that the majority of the orbital energy of the stellar debris is advected onto the black hole (BH)
without being converted into radiation. By comparing the observations and the expectations,
we derive the masses of the disrupted stars and BHs of the TDEs. The BH masses obtained
in this paper are well consistent with those calculated with the MBH −σ∗ relation. Our results
provide an effective method to measure the masses of BHs from thousands or more of the
TDEs to be discovered in the ongoing and next-generation sky surveys, no matter whether
the BHs are located at the centers of the galactic nuclei or wandering in disks and halos.
Keywords: accretion, accretion disk — black hole physics — galaxies: active — quasars:
supermassive black holes — stars: black holes
1. INTRODUCTION
A star may be tidally destroyed (Hills 1975; Rees 1988; Evans & Kochanek 1989; Lodato et al. 2009;
Hayasaki et al. 2013; Shiokawa et al. 2015; Bonnerot et al. 2016; Sa¸dowski et al. 2016), when it is scattered
closely flying by a supermassive black hole (SMBH) (Magorrian & Tremaine 1999; Wang & Merritt 2004;
Chen et al. 2008, 2009; Liu et al. 2009; Liu & Chen 2013; Li et al. 2017). At tidal disruption, about half
of the stellar debris loses orbital energy and becomes bound to the BH. The bound stellar debris returns
to the orbital pericenter of the star and circularizes to form accretion onto the BH. In the canonical model
for tidal disruption event (TDE), the material streams are assumed to be circularized rapidly due to strong
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relativistic apsidal precession and the accretion disk has a size of about twice the orbital pericenter of the
star (Rees 1988). In this scenario, the accretion disk of TDEs is an outer-truncated analogue of the accretion
disk of active galactic nuclei (AGNs) and galactic X-ray binaries and radiates mainly in soft X-rays. The
radiation in optical/UV wavebands are expected to be rather weak and decay with time in a power law much
shallower than the fallback rate of the stellar debris (Strubbe & Quataert 2009). No strong broad optical
emission line is expected with the hot accretion disk.
The observations of non-jetted TDEs discovered in the X-rays are broadly consistent with the expectations,
but those discovered in the optical/UV wavebands challenge the canonical model (Komossa & Bade 1999;
Gezari et al. 2006; van Velzen et al. 2011; Liu et al. 2014; Komossa 2015, for a recent review). Most TDEs
and candidates discovered in the optical/UV wavebands emit radiation mainly in optical/UV wavebands
and little or no radiation in soft X-rays (e.g. Komossa et al. 2008; Wang et al. 2012; Gezari et al. 2012;
Holoien et al. 2014, 2016a; Blagorodnova et al. 2019; Leloudas et al. 2019). The optical/UV luminosities
unexpectedly follow the fallback rate of the stellar debris (Gezari et al. 2012; Arcavi et al. 2014; Hung
et al. 2017; Wevers et al. 2017; Mockler et al. 2019) and the observed radiated energy or the observed
accreted material onto the BH and the implied mass of the disrupted star can be up to orders of magnitude
smaller than the expectations of the tidal disruptions of main-sequence stars or brown dwarfs (Li et al. 2002;
Komossa et al. 2004; Halpern et al. 2004; Esquej et al. 2008; Gezari et al. 2008, 2009, 2012; Cappelluti et al.
2009; Maksym et al. 2010; Chornock et al. 2014; Donato et al. 2014; Holoien et al. 2014, 2016a,b; Liu et al.
2014; Blagorodnova et al. 2017; Hung et al. 2017; Mockler et al. 2019; Saxton et al. 2017, 2018). Most
optical/UV TDEs and candidates have strong broad optical emission lines with complex, asymmetric, and
diverse profiles (Komossa et al. 2008; Wang et al. 2012; Gezari et al. 2012; Arcavi et al. 2014; Holoien et al.
2014, 2016a,b, 2019a).
It was recently suggested in the literature that strong winds form during the super-Eddington accretion
and the soft X-ray radiation emitted by the accretion disk are absorbed and reprocessed into UV wavebands
by the optically-thick wind envelopes (e.g. Dai et al. 2018). The broad optical emission lines are powered
by the soft X-ray and forming in the surface layers of the optically thick envelopes (Roth et al. 2016).
However, the strong outflow may make the observed light curve to significantly diverge from the fallback
rate of stellar debris (Strubbe & Quataert 2009; Lodato & Rossi 2011). The analytic and hydrodynamic
simulations of stellar tidal disruptions (Rees 1988; Evans & Kochanek 1989; Kochanek 1994; Hayasaki
et al. 2013; Guillochon et al. 2014; Dai et al. 2015; Piran et al. 2015; Shiokawa et al. 2015; Bonnerot et al.
2016; Hayasaki & Loeb 2016; Sa¸dowski et al. 2016) indicate that the bound stellar streams circularize
due to the self-interaction of the streams returning at different time because of general relativistic apsidal
precession and the rapid formation of accretion disk happens only in tidal disruptions of stars with orbital
pericenter about the innermost stable circular orbit (ISCO) of Schwarzschild BH (Shiokawa et al. 2015;
Bonnerot et al. 2016; Hayasaki & Loeb 2016; Dai et al. 2015).
The tidal disruption radius of solar-type star by BH of mass . 106.5M with M the solar mass is much
larger than the ISCO and the general relativistic apsidal precession of bound streams of most TDEs is
expected to be inefficient in circularizing the streams (Shiokawa et al. 2015). Because the collision of the
streams due to the general relativistic apsidal precession occurs at nearly the apocenter of the most bound
stellar debris, the liberated kinetic energy by the collision shocks are roughly comparable to the observations
of the optical/UV TDEs. In the literature, the optical/UV TDEs are suggested to be powered by the energy
liberated during the formation of the accretion disk rather than during the subsequent accretion of matter
onto the BH (Piran et al. 2015). Although the observed luminosities, temperature and emission radii can
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roughly be explained with the model of collision shocks, the energy dissipated by the collision shocks is
only about 1% of the total energy available from accretion onto the black hole. As noted by the original
work (Piran et al. 2015), the problem with the collision-shock model is: why do we see only 1% of the
expected energy and miss the majority of the energy? It is argued that the emissions during the formation of
accretion disk may dominate the radiation of TDEs if the eccentricity of accretion disk is excited during the
subsequent accretion of matter so significantly that the orbital pericenter of the fluid elements decreases to
the marginal stable orbit of black hole with little decrease of the semimajor axis of fluid elements (Svirski
et al. 2017).
It is generally believed in the literature that double-peaked broad Balmer emission lines of AGNs originate
in accretion disk (Chen & Halpern 1989; Chen et al. 1989; Storchi-Bergmann et al. 1993, 2017; Eracleous &
Halpern 1994, 2003; Strateva et al. 2003; Popovic´ et al. 2004). By modeling the double-peaked Hα emission
line of the optical/UV TDE PTF09djl, Liu et al. (2017) showed that the accretion disk of TDEs is large and
extremely eccentric of eccentricity without significant variation from the outer to inner edges of elliptical
accretion disk. The extreme eccentricity is determined jointly by the elliptical orbit of the most bound
stellar debris and the self-interaction of streams. Liu and colleagues showed that the diversities and time
variations of the observed profiles of the broad optical emission lines of the optical/UV TDE ASASSN-14li
are mainly due to the differences of the inclination and orientation of elliptical accretion disk and the disk
precession due to Lens-Thirring effect (Cao et al. 2018). The emissions of the accretion disk of constant
eccentricity would dominate the radiation of TDEs and the emissions during the formations of accretion disk
are negligible. The three-dimensional radiative hydrodynamic simulations of stream collisions show that
the majority of the kinetic energy dissipated by the collision shock is converted back to the kinetic energy
of the downstream gas and only about 2%-8% of the energy can be radiated away during the formation of
accretion disk (Jiang et al. 2016), leading to the conclusion of disk emissions dominating the radiation of
TDEs even more certain. The elliptical accretion disks of large semimajor axis and extreme eccentricity give
low conversion factors of matter into radiation of PTF09djl (Liu et al. 2017) and ASASSN-14li (Cao et al.
2018), which are, respectively, consistent with the radiation efficiencies obtained from the analysis of the
light curves of PTF09djl and ASASSN-14li (Mockler et al. 2019). The expected peak energy luminosities
from the accretion onto the black hole are well consistent with the observations of PTF09djl and ASASSN-
14li (Liu et al. 2017; Cao et al. 2018).
Here we adopt the relativistic elliptical accretion disk model for TDEs given in Liu et al. (2017). We
assume that the unbound outflows from the collision shocks during the formation of accretion disk (Jiang
et al. 2016) and from the surface of the cool elliptical accretion disk, if any, are only a small fraction of
the fallback stellar debris. Because we are interested in only the total radiation efficiency of the accretion
onto black holes, we do not distinguish the emissions of radiation from the collision shocks during the
formation of accretion disk and from the subsequent accretion of elliptical accretion disk. With the elliptical
accretion disk, we calculate the conversion efficiency of matter into radiation of TDEs during the accretion
of matter onto black holes, which in the literature is always assumed to be a free parameter in modeling
the luminosities of TDEs (e.g. Liu et al. 2014; Mockler et al. 2019). With the radiation efficiency, we can
calculate the expected peak luminosity and total radiation energy of TDEs and compare the expectations
with the observations of non-jetted TDEs in the literature. We will show that the peak luminosity and the
total radiation energy expected with the elliptical accretion disk are well consistent with the observations
of the non-jetted TDEs and candidates. In the elliptical accretion disk model for Schwarzschild black hole,
the radiation efficiency is not a constant but depends significantly on the masses of BH and star. With the
4 ZHOU ET AL.
observations of the peak luminosity and the total radiation energy of non-jetted TDEs, we can derive the
masses of black holes and stars. This is the first method to uniquely measure the mass of stars at distant
galaxies. Because the masses of BHs at galactic nuclei can be calculated with the well-known correlations
of the BH mass and the bulge properties of host galaxies, we will show that the BH masses obtained in
this paper are well consistent with those calculated with the correlation of BH mass and the stellar velocity
dispersion of host galaxies. The work in this paper provide an accurate technique to weigh both the BHs and
stars no matter whether they hide in deep center of galactic nuclei and globular cluster or wonder around
the galactic disk.
The paper is organized as follow. In section 2, we present the elliptical disk model for TDEs and calculate
the radiation efficiency. Section 3 gives the peak luminosity and the total radiation energy after peak ex-
pected with the elliptical accretion disk model. In section 4, we compile the observational data of the peak
bolometric luminosity and the total radiation energy after peak brightness of 18 non-jetted TDE sources
and compare the observations and the expectations of the disk model. We calculate the masses of BHs and
stars with the observations of the peak luminosity and the total radiation energy after peak and compare
the results with those obtained with the correlation of BH mass and bulge properties of host galaxies in
section 5. The discussions and conclusions are given in section 6.
2. ELLIPTICAL ACCRETION DISK AND RADIATION EFFICIENCY OF TDES
We begin the calculation of radiation efficiency by introducing the formation of the elliptical accretion
disk of TDEs. A star is tidally destroyed when it passes by a SMBH with orbital pericenter rp smaller than
the tidal disruption radius
rt = R∗
(
MBH/M∗
)1/3 ' 23.557r∗m−1/3∗ M−2/36 rS, (1)
where MBH = 106M6M is the mass of the BH, rS is the BH Schwarzschild radius, and R∗ = r∗R and
M∗ = m∗M are, respectively, the stellar radius and mass. In this paper, if needed, we calculate the radius
with the mass-radius relation R∗ ' R(M∗/M)1−ζ of main sequence stars and ζ ' 0.21 and ζ ' 0.44 are,
respectively, for stellar masses 0.1M <M∗ 6 1M and 1M <M∗ < 150M (Kippenhahn et al. 2012). In
the literature, hydrodynamic simulations of tidal disruptions have been done mainly with main sequences.
Here we extrapolate the results of main sequence stars with the same polytropic index to brown dwarfs
(BDs) but notice that the results with BDs have larger uncertainties. For BDs of masses 0.01M < M∗ 6
0.07M, we use the mass-radius relation of BDs of age t = 5Gyr, R∗ ' 0.06R(M∗/M)1−ζ with ζ = 9/8
(Chabrier & Baraffe 2000). For stars with mass 0.07M < M∗ < 0.08M, we adopt a bridge relation
R∗ = 0.136R(M∗/0.08M)1−ζ with ζ = −2.637.
After tidal disruption, the bound stellar debris returns to the pericenter of the star and forms accretion disk
mainly due to the shocks of the interaction between the post-pericenter outflowing and freshly inflowing
streams because of relativistic apsidal precession (Evans & Kochanek 1989; Kochanek 1994; Hayasaki
et al. 2013; Dai et al. 2015; Shiokawa et al. 2015; Bonnerot et al. 2016; Hayasaki & Loeb 2016). The
location and conservation of angular momentum of stream collisions together give the semimajor axis of
the disk
ad' 2rp
2δ + sin2(Ω/2)
' 2β
−1rt
2δ + sin2(Ω/2)
(2)
and the eccentricity
ed'
[
1−
(1− e2mb)amb
ad
]1/2
'
[
1−2δ − sin2
(
Ω
2
)]1/2
' [1−2δ(1+∆)]1/2 (3)
MEASURING BLACK HOLE MASSES FROM TDES 5
with ∆ = sin2(Ω/2)/(2δ) (Liu et al. 2017; Cao et al. 2018), where β = rt/rp is the orbit penetration factor
of star, amb ' r2t /2R∗ nearly independent of the penetration factor β (Guillochon & Ramirez-Ruiz 2013;
Hayasaki et al. 2013) and emb = 1− δ with δ ' 2R∗rp/r2t ' 0.02β−1m1/3∗ M−1/36 are, respectively, the orbital
semimajor axis and eccentricity of the most bound stellar debris. In equations (2) and (3), Ω is the instanta-
neous de Sitter precession at periapse of the most-bound stellar debris
Ω' 6piGMBH
c2(1− e2mb)amb
' 3pirS
(1+ emb)rp
' 3pi
2− δ
β
rS
rt
. (4)
For tidal disruption of star with orbital pericenter rp < 10rS, we have ∆ & 1 and the relativistic apsidal
precession of the bound stellar debris becomes important and significantly reduces the eccentricity of the
accretion disk.
The modeling of the double-peaked and/or asymmetric broad optical emission lines of TDEs shows that
the eccentricity remains nearly unchanged over disk (Liu et al. 2017; Cao et al. 2018), which suggest a
rapid accretion of matter onto BH and a slow circularization of stellar streams. A rapid accretion of matter
onto BH is consistent with the light curves of optical/UV TDEs (Mockler et al. 2019). Following Liu et al.
(2017), we assume that the eccentricity of the elliptical accretion disks of TDEs is a constant in radius,
e(a) = constant, and empirically e = ed. To describe the motions of particles of highly eccentric orbits in
the field of Schwarzschild BH, we adopt the generalized Newtonian potential in the low-energy limit (gNR,
Tejeda & Rosswog 2013)
ΦG = −
GMBH
r
−
(
2rg
r−2rg
)[(
r− rg
r−2rg
)
v2r +
1
2
v2φ
]
, (5)
where rg is the gravitational radius, vr and vφ are, respectively, the radial and azimuthal velocities of parti-
cles. In gNR, the specific binding energy G and angular momentum lG of an elliptical orbit with semimajor
axis a and eccentricity ed are, respectively,
G'−c
2
2
rS[a(1− e2d)−2rS]
a
[
2a(1− e2d)− (3+ e2d)rS
] (6)
and
lG' (1− e
2
d)ac
√
rS√
2(1− e2d)a− (3+ e2d)rS
(7)
(Liu et al. 2017; Cao et al. 2018).
When the disk fluid elements migrate inwards and the pericenter reaches the marginally stable radius
rms, the matter passes through rms and falls freely onto the BH. The orbit of pericenter at marginally stable
radius rms gives the location of the inner edge of the elliptical accretion disk. The elliptical accretion
disk of constant eccentricity ed has an inner edge ain = rms/(1− ed). For particles with circular orbits, the
marginally stable circular orbit or the innermost stable circular orbit (ISCO) is at rms = 3rS, while for particles
with parabolic orbits the marginally stable radius is at rms = 2rS. For particles of general trajectories of
eccentricity 0 < e < 1, we have the marginally stable radius 2rS < rms < 3rS. Provided rms, equation (6)
gives the binding energy of particles at the inner edge of elliptical disk or the conversion efficiency of matter
into radiation of elliptical accretion disk
η ' −G
c2
' 1
2
rS[(1+ ed)rms −2rS](1− e2d)
(1+ ed)rms[2(1+ ed)rms − (3+ e2d)rS]
. (8)
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For ed = 1 and rms = 2rS, equation (8) gives η = 0, as expected for a parabolic orbit. For ed = 0 and rms =
3rS, equation (8) gives η ' 1/18, which is about 2.9% smaller than the exact value η ' 0.0572. From
equations (8) and (3), we have
η = η0(1− e2d)' η0
[
2δ + sin2
(
Ω
2
)]
= 2η0δ(1+∆)
'η0
{
2δ + sin2
[
3pi
4
β
(1−0.5δ)
rS
rt
]}
, (9)
where
η0 =
1
2
rS[(1+ ed)rms −2rS]
(1+ ed)rms[2(1+ ed)rms − (3+ e2d)rS]
(10)
depends very weakly on both rms and ed. For ed = 1 and rms = 2rS η0 = 0.0625, while η0 = 0.0556 for ed = 0
and rms = 3rS. It is a good approximation to adopt the average η0 = 0.059 in the calculation of radiation
efficiency with equation (9), especially for rp rS
η ' 2.36×10−3
( η0
0.059
)
(1+∆)β−1m1/3∗ M
−1/3
6 (11)
and ∆' 0.25β3r−2∗ m1/3∗ M5/36 .
Here we give an estimate η0 with a bit higher accuracy, by calculating the marginally stable radius rms
with the eccentricity given by equation (3). From equation (7), the angular momentum of the fluid elements
of the disk inner edge with eccentricity ed is approximately
lin ' (1+ ed)rmsc
√
rS√
2(1+ ed)rms − (3+ e2d)rS
. (12)
For fluid elements with specific angular momentum lin, the marginally stable radius is given by
lin = lK (13)
(Abramowicz et al. 1978), where
lK = ΩK
r3ms
rms − rS
(14)
is the specific angular momentum of the Keplerian circular motion and ΩK = (GMBH/r3ms)
1/2 is the Keplerian
angular velocity. From equations (12), (13), and (14), we obtain the marginally stable radius
rms =
A
4(1+ ed)ed
rS, (15)
where A = 1 + 8ed + 3e2d +
√
1+22e2d −7e4d increases with the decrease of eccentricity. For ed = 1, equa-
tion (15) give rmb = 2rS consistent with the marginally bound radius of parabolic orbits. When ed ≤ 0.406,
equation (15) gives rms ≥ 3rS. In the calculation of the efficiency η, rms = 3rS is adopted for eccentricity
ed ≤ 0.406.
We notice that in equation (9) η0 ' 0.059 is about the radiation efficiency of the standard thin accretion
disk in Schwarzschild black hole and the radiation efficiency η of elliptical accretion disk of TDEs is the
typical radiation efficiency of standard thin accretion disk modified by a factor (1− e2). Equation (9) shows
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that the radiation efficiency of elliptical accretion disk of TDEs strongly depends both on the masses of BH
and star and on the orbital penetration factor of star. Figure 1 shows the conversion efficiency of matter
into radiation η as a function of masses of BH and star. To obtain Figure 1, we have used the mass-radius
relations of main sequence stars and BDs to calculate the radius with mass. The results of two typical orbital
penetration factors, β = 1 and 2, are given. Figure 1 show that the radiation efficiency of elliptical accretion
disk is a complicated strong function of BH mass of deep minimum, as low as η ∼ 10−3. The location of the
minimum of the efficiency depends on the mass and orbital penetration factor of star: a higher stellar mass
shifts the curves and locations of minimum to a higher BH mass and meanwhile increase the minimum of
the efficiency. However, the increase of penetration factor mainly shifts the curves toward smaller BHs.
Figure 1 plots the typical radiation efficiency η = 0.1 always adopted for TDEs and AGNs in the literature
for comparison. The radiation efficiency of elliptical accretion disk is significantly smaller than the typical
efficiency η = 0.1. For example, the radiation efficiency of TDEs with solar-type star by BH of mass 106M
is about 10−2.5, about 30 times smaller than the typical efficiency of AGNs.
3. PEAK LUMINOSITIES AND TOTAL RADIATION ENERGY AFTER PEAK
The peak luminosities of light curves and the total radiation energy or the accreted stellar masses can
be determined observationally. We calculate the expectations of the elliptical accretion disk model in this
section and compare them to the observations of TDEs in next section.
Analytic and hydrodynamic simulations of tidal disruptions of star show that the fallback rate of the bound
stellar debris after peak can be well approximated with a power-law in time
M˙ ' M˙p
(
t − td
∆tp
)−n
(16)
for t ≥ tp, where∆tp = tp − td with td and tp, respectively, the time of tidal disruption and peak mass accretion
rate, power-law index n of typical value n = 5/3 is a constant depending on the structure and age of star
(Lodato et al. 2009; Guillochon & Ramirez-Ruiz 2013; Golightly et al. 2019; Law-Smith et al. 2019; Ryu
et al. 2019), and M˙p is the peak mass fallback rate
M˙p ' Aγr−3/2∗ m2∗M−1/26 M/yr, (17)
where Aγ is a constant depending on the penetration factor β and the structure and age of star (Lodato
et al. 2009; Guillochon & Ramirez-Ruiz 2013; Golightly et al. 2019; Law-Smith et al. 2019; Ryu et al.
2019). For tidal disruption of a solar-type star with polytropic index γ = 5/3 and penetration factor β = 1,
we have n ' 5/3 and A5/3 ' 1.328 (Guillochon & Ramirez-Ruiz 2013). For tidal disruptions of stars with
different masses, we adopted the results of the hydrodynamic simulations of polytropic stars (Guillochon
& Ramirez-Ruiz 2013). We adopted the polytropic models with γ = 5/3 both for brown dwarfs with mass
between 0.01M and 0.08M (Chabrier & Baraffe 2000) and low mass main sequence stars with mass
between 0.08M and 1M, and with γ = 4/3 for high mass stars with mass M∗ > 20M. For stars with
mass between 1M and 20M, we use a hybrid model obtained by linearly interpolating the results of
hydrodynamic simulations of polytropes with indices γ = 5/3 and γ = 4/3. No hydrodynamic simulation
of tidal disruptions of brown dwarfs are carried out in the literature. Because the degeneracy of electron
gas affects the equation of state (EOS) of brown dwarfs and the degenerate electron gas could be described
by polytropes of index γ = 5/3 (Chabrier & Baraffe 2000), we extrapolate the results of tidal disruptions
of brown dwarfs with the hydrodynamic simulations of the low-mass stars with polytropic index γ = 5/3
(Guillochon & Ramirez-Ruiz 2013).
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lg(MBH/M¯)
−3.00
−2.75
−2.50
−2.25
−2.00
−1.75
−1.50
−1.25
−1.00
lg
(η
)
m∗: 0.01
m∗: 0.1
m∗: 1
m∗: 10
m∗: 100
Figure 1. Radiation efficiency vs BH mass for different stellar mass. Solid and dotted lines are, respectively, for
β = 1 and β = 2. Gray dashed line is for η = 0.1. Radiation efficiency decreases with BH mass until the minimum and
increases afterwards, while it increases with stellar mass for BH mass before minimum and decrease with stellar mass
afterwards. The BH mass of minimum radiation efficiency increases with stellar mass. Filled circles are the radiation
efficiency and associated uncertainties at 90% level of the sample TDE sources in Table 2. Open triangle is for the
secondary solutions of TDEs.
For the typical radiation efficiency η = 0.1 of circular accretion disk, equation (17) gives the peak lumi-
nosity
Lp = ηM˙pc2
'7.53×1045 erg s−1
(
Aγ
1.328
)
M−1/26 r
−3/2
∗ m
2
∗
'60LEdd
(
Aγ
1.328
)
M−3/26 r
−3/2
∗ m
2
∗ (18)
with LEdd = 1.25×1044M6 ergs−1 the Eddington luminosity is super-Eddington for BH of mass MBH . 1.5×
107 (Aγ/1.328)2/3r−1∗ m
4/3
∗ M. Because the peak luminosity is highly super-Eddington, the light curves of
TDEs for BH mass MBH ∼ 106M is Eddington-limited and should deviate from the fallback rate given
with equation (16). For elliptical accretion disk with efficiency given by equation (9), the peak luminosity
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of TDEs is
Lp = ηM˙pc2
= η0Aγ
[
2δ + sin2
(
Ω
2
)]
r−3/2∗ m
2
∗M
−1/2
6 c
2M/yr
'1.78×1044 erg s−1
( η0
0.059
)( Aγ
1.328
)
β−1r−3/2∗ m
7/3
∗ M
−5/6
6 ×(
1+0.25β3r−2∗ m
1/3
∗ M
5/3
6
)
. (19)
In equation (19), the last equality is valid for rp  rS. Equation (19) shows that the peak luminos-
ity of TDEs is sub-Eddington for TDEs with BH mass MBH & 106M and the light curves are ex-
pected to follow the fallback rate of bound stellar debris. The peak luminosity is significantly super-
Eddington and a Eddington-limited peak brightness is expected only for TDEs with BH mass MBH 
1.2× 106M(η0/0.059)6/11(Aγ/1.328)6/11β−6/11r−9/11∗ m14/11∗ , about an order of magnitude smaller than that
suggested by equation (18). The peak accretion rate is super-Eddington only for BH mass MBH .
5.7× 105M(η0/0.059)6/11(Aγ/1.328)6/11β−6/11 when the disrupted star is a late-type M-dwarf with typi-
cal mass m∗ ' 0.3. For massive BH with mass MBH & 106M to produce a TDE with significantly super-
Eddington luminosity, the disrupted star must be a B- or O-type star. Our results predict that TDEs whose
light curves clearly shows Eddington-limited luminosity would predominantly occur in either dwarf galax-
ies with intermediate mass BH or star-forming galaxies and avoid occurring in quiescent galaxies.
Equation (18) shows that in circular accretion disk the peak luminosity increases with BH mass as Lp ∼
LEdd ∝MBH for MBH . 2×107M because of Eddington-limitation and decreases with BH mass Lp ∝M−1/2BH
for MBH & 2×107M. A peak of the distribution of peak luminosity would expected at MBH ∼ 2×107M.
While, in the elliptical disk, equation (19) shows that the peak luminosity decreases with BH mass as
Lp ∝ M−5/6BH for MBH . 2× 106Mβ−9/5r6/5∗ m−1/5∗ but increases with BH mass as Lp ∝ M5/6BH for MBH & 3×
106Mβ−9/5r
6/5
∗ m
−1/5
∗ . A minimum of the distribution of peak luminosity is prominent in Figure 2, and the
BH mass at minimum increases with stellar mass for main-sequence stars and decrease with stellar mass
for brown dwarfs. The upper panel of Figure 2 gives the expected peak luminosity of the elliptical disk
model as a function of the masses of BHs and stars for penetration factor β = 1. To obtain Figure 2, we
have used the mass-radius relations to calculate the radii with masses of stars and brown dwarfs. The ranges
of masses of different types of stars are taken from Cox (2000). Figure 2 shows that the peak luminosities
of TDEs strongly depends on both the BH and stellar masses and increase monotonically with the mass of
stars except at the transitions from BDs to late M-type main sequences and from F-type to early O-type main
sequences. In Figure 2, we also plot the peak luminosity as a function of BH mass given with equation (18)
for η = 0.1 and M∗ = M. Figure 2 shows that for TDEs with solar-type star the peak luminosities expected
with the popular circular accretion disk model in the literature is typically orders of magnitude higher than
those expected with the elliptical accretion disk model.
From equation (16), the total fallback and accreted mass after peak time tp is
∆M∗'
∫ ∞
tp
M˙p
(
t − td
tp − td
)−n
dt ' M˙p
n−1
∆tp
' AγBγ
n−1
m∗M ' 32AγBγm∗M (20)
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Figure 2. Peak luminosity (upper) and total radiation energy after peak (lower) vs BH mass. The mass ranges of
stellar spectral types are adopted from Cox (2000) and coded with colors. Thick dashed and thin sold lines are for
the Lp (upper) and∆E (lower) expected, respectively, with the radiation efficiency η = 0.1 and with the elliptical disk
model for one solar mass star. Distributions are truncated at BH mass where tidal radius rt = rms. Filled circles give
the observations of the TDE sample sources with BH masses calculated with the MBH −σ∗ relation.
where ∆tp = tp − td ' BγM1/26 m−1∗ r3/2∗ yr is the time of peak accretion and Bγ is a constant depending on the
polytropic index γ and the orbital penetration factor β of star (Guillochon & Ramirez-Ruiz 2013). To obtain
the last equality in equation (20), we have adopted the typical value n = 5/3. For γ = 5/3 and β = 1, we have
B5/3 = 0.1618 from the appendix of Guillochon & Ramirez-Ruiz (2013). Equation (20) gives the expected
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total accreted stellar mass ∆M∗ ' 0.322(AγBγ/0.215)m∗M after the peak time of light curves. For a
circular accretion disk of typical conversion efficiency η = 0.1, the total accreted mass gives the expected
total radiation energy∆E = η∆M∗c2 ' 5.76×1052 erg(AγBγ/0.215)m∗, which depends only on the mass of
star in a full disruption and is independent of BH mass. For a typical star of mass M∗ = 0.3M, the expected
total energy of radiation is ∆E ' 1.73×1052 erg(AγBγ/0.215).
For the elliptical accretion disk with radiation efficiency given by equation (9), equation (20) gives the
total energy of radiation
∆E'η∆M∗c2
' η0
n−1
[
2δ + sin2
(
Ω
2
)]
AγBγm∗Mc2
'1.36×1051 erg
( η0
0.059
)(AγBγ
0.215
)
β−1m4/3∗ M
−1/3
6 ×(
1+0.25β3r−2∗ m
1/3
∗ M
5/3
6
)
, (21)
which depends not only on the mass of star but also on the BH mass and orbital penetration factor of
star. It is about 34 and 7 times smaller than the total radiation energy expected with the typical efficiency
η = 0.1, respectively, for TDEs with tidal disruption of solar-type star by BH masses MBH = 106M and
107M. The big differences of total radiation energy expected with the two kinds of accretion disk mod-
els implies that the missing energy problem raised in the literature of TDEs may be due to the adopt
of the large radiation efficiency by assuming a circular accretion disk model as an analogy of AGNs.
No missing energy problem would be expected with the elliptical accretion disk model. It will be dis-
cussed further in Sec. 4. The lower panel of Figure 2 presents the expected total emitted energy as a
function of masses of BH and star for orbital penetration factor β = 1. In Figure 2, we also plot the ex-
pected total radiation energy computed for TDEs of a solar-type star with the typical radiation efficiency
η = 0.1. Provided the mass of star, the expected total emitted energy weakly decreases with BH mass
∆E ∝ M−1/3BH until MBH ∼ 2× 106Mβ−9/5r6/5∗ m−1/5∗ ∼ 2× 106Mβ−9/5m1−1.2ζ∗ and significantly increases
when MBH & 3× 106Mβ−9/5r6/5∗ m−1/5∗ ∼ 3× 106Mβ−9/5m1−1.2ζ∗ . The change occurs at the mass of BH
MBH ∼ 3×106Mβ−9/5m1−1.2ζ∗ with ζ = 0.21 for 0.08< m∗ ≤ 1 and ζ = 0.44 for 1< m∗ ≤ 150.
From the total radiation energy given with equation (21), we can calculate the expected accreted stellar
mass to power a TDE with the canonical radiation efficiency η = 0.1,
∆Mapp =
∆E
0.1c2
=
( η
0.1
)
∆M∗
'15η0
[
2δ + sin2
(
Ω
2
)]
AγBγm∗M, (22)
which for rp rS gives
∆Mapp'7.61×10−3 M
( η0
0.059
)(AγBγ
0.215
)
β−1m4/3∗ M
−1/3
6 ×(
1+0.25β3r−2∗ m
1/3
∗ M
5/3
6
)
(23)
Equations (22) and (23) show that the expected accreted stellar mass needed to power a TDE is only a very
small fraction of solar mass and is about 34 times and 7 times smaller than the real accreted stellar mass
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∆M∗, respectively, for BH mass MBH = 106M and 107M. The results suggest that the observations of
the low accreted stellar matter of TDEs in the literature is due to the use of canonical radiation efficiency
η = 0.1 and is only an observational effect. Therefore, we would call it the apparent accreted stellar mass.
The apparent accreted stellar mass after peak is ∆Mapp ' 0.045M from Equtation (23) or 0.04M from
Equation (22) for MBH = 107M and M∗ = 1M. The apparent accreted stellar mass is∆Mapp ' 3×10−3M
and 7×10−4M, respectively, for tidal disruptions of M star with mass M∗ = 0.3M and brown dwarf with
mass 0.03M by BH of mass 106M.
Equations (19) and (21) show that both the peak luminosity and the total radiation energy depend on the
masses of the BH and star and also the orbital penetration factor β. Because Aγ and Bγ depend very weakly
on β for β & 0.9, the peak luminosity Lp and the total radiation energy ∆E depend on β mainly because
of the radiation efficiency η. For tidal disruption with ∆ = 0.25β3r−2∗ m
1/3
∗ M
5/3
6 . 1, or with β . 2.1 and
MBH. 106.5M, we have Lp∼ β−1(1+∆)m(5+9ζ)/6∗ M−5/66 ∼ β−1(1+∆)m1.15∗ M−5/66 and the total radiation energy
∆E ∼ β−1(1 +∆)m4/3∗ M−1/36 for ζ = 0.21, both of which are nearly independent of the orbital penetration
factor because 1.2 . β−1(1+∆) . 1.6 (or varying by only about 30%) for 0.7 . β . 2.1. Provided Lp and
∆E, we can uniquely determine the masses of star and BHs but give only poor observational constraints of
the penetration factor for TDEs of shallow orbital pericenter penetration β ∼ 1, with which most TDEs are
expected to occur. While for tidal disruption with ∆ 1 (either β & 2.5, m∗ . 0.11, or MBH & 106.7M),
we have the peak luminosity Lp ∼ β2m(−5+21ζ)/6∗ M5/66 ∼ β2m−0.098∗ M5/66 and the total radiation energy ∆E ∼
β2m(−1+6ζ)/3∗ M
4/3
6 ∼ β2m0.087∗ M4/36 , both of which are strongly depends on the penetration factor and BH mass
but nearly independent of the mass of the disrupted star. Provided Lp and ∆E, we can uniquely determine
the mass of BH and the orbital penetration factor but not the mass of star. The above analyses show that
the BH mass of TDEs can be always well determined from the observations of Lp and ∆E. However, the
mass of disrupted star and the orbital penetration factor cannot be determined simultaneously: the mass of
the disrupted star can be uniquely determined for TDEs with negligible relativistic apsidal precession of the
most bound stellar debris with ∆. 1, or the penetration factor β can be well determined observationally if
the relativistic apsidal precession of the most bound stellar debris of TDE is significant with ∆ 1.
4. CONFRONTATION WITH THE OBSERVATIONS
In section 3, we calculated the expected peak luminosities and total radiation energy after peak of TDEs
with the elliptical accretion disk model. In this section, we compare the expectations to the observations
of the peak luminosities and total radiation energy of TDEs. We adopt a ΛCDM cosmology with H0 =
70 km s−1 Mpc−1, ΩM = 0.3 and ΩΛ = 0.7 when it needs.
4.1. The observational data
Among the known 30-60 TDEs and candidates1 (Komossa 2015), some of them have well observed peaks
of light curves and can be used in the comparison of the expectations of the elliptical accretion disk and the
observations of the peak luminosity and total radiation energy of TDEs. Because we are interested only in
the energy released by the accretion disk formed at tidal disruption of star, a TDE is included in the sample
source only when (1) it is not relativistically jetted, (2) the host galaxy does not show any permanent AGN
activity, (3) the peak of brightness is well detected, and (4) the location is in coincidence with the nucleus of
host galaxy. The brightness peak of light curve is well detected, if the observational time gap neither before
1 An Open TDE Catalog is available at https://tde.space
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Table 1. The sample sources
Name z Type Ref. σ∗ Ref. lg(MBH,σ) lg(Mtot) Ref. lg(MBH,tot) B/Ta Lp Ref. ∆E Ref.
(km s−1) (M) (M) (M) (1044 erg s−1) (1050 erg)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)
iPTF16fnl 0.0163 Opt./UV 1,2 55±2 3 5.32+0.57−0.58 9.8 4 6.19±0.55 0.29 0.3 2 0.7b 2
ASASSN-14li 0.0206 Opt./UV 5 78±2 3 6.13+0.55−0.55 9.6 4 5.98±0.55 0.22 1 5,7 10b 5,7
ASASSN-14ae 0.0436 Opt./UV 8 53±2 3 5.23+0.58−0.58 9.8 4 6.19±0.55 0.29 0.8 8 2b 8
ASASSN-15oi 0.0479 Opt./UV 9 61±7 10 5.56+0.74−0.77 9.9 4 6.30±0.55 0.34 2 11 15b 11
PTF09ge 0.064 Opt./UV 12 81±2 3 6.22+0.55−0.55 10.1 4 6.51±0.55 0.44 0.4 13 4b 13
iPTF15af 0.07897 Opt./UV 14 106±2 3 6.85+0.53−0.53 10.2 4 6.61±0.55 0.47 1.5 14 10b 14
SDSS J0952+2143 0.079 Opt./UV 15 95 15 6.59+0.49−0.49 10.37 16 6.79±0.55 0.53 7 17 100b 17
PS1-10jh 0.1696 Opt./UV 18 65±3 3 5.71+0.59−0.60 9.5 4 5.88±0.55 0.19 2.2 18 21 18
PTF09djl 0.184 Opt./UV 12 64±7 3 5.67+0.73−0.76 10.1 4 6.51±0.55 0.44 2 13 13b 13
GALEX D23H-1 0.1855 Opt./UV 19 84±4 10 6.30+0.60−0.60 10.3 4 6.72±0.55 0.51 0.25 19 5b 19
GALEX D1-9 0.326 Opt./UV 20 65±6 10 5.71+0.70−0.72 10.3 4 6.72±0.55 0.51 1 20 20b 20
XMMSL1 J0740 0.0173 X-ray 21 · · · · · · · · · ∼ 10.62c · · · 7.05±0.55 0.60 2 21 6b 21
AT2018dyb 0.0180 Opt./UV 22 · · · · · · · · · 10.08 22 6.48±0.55 0.43 1.3 22 8b 22
ASASSN-19bt 0.0262 Opt./UV 23 · · · · · · · · · 10.04 23 6.44±0.55 0.41 1.3 23 10b 23
AT2018fyk 0.059 Opt./UV 24 · · · · · · · · · 10.2 24 6.61±0.55 0.47 3 24 30b 24
PS18kh 0.071 Opt./UV 25,26,27 · · · · · · · · · 10.15 25 6.55±0.55 0.46 0.9 25 7b 25
AT2017eqx 0.1089 Opt./UV 28 · · · · · · · · · 9.36 28 5.73±0.55 0.14 1 28 4b 28
PS1-11af 0.4046 Opt./UV 29 · · · · · · · · · 10.1 4 6.51±0.55 0.44 0.8 29 6b 29
NOTE—The sample sources are divided into two groups: the upper part of the table for the sample sources with the observations of the stellar velocity dispersions of host galaxies
and the lower part for sample sources without the observations.
a The bulge-to-total ratio (B/T) is estimated with an empirical relation between B/T and the total stellar mass of galaxy (Stone et al. 2018). It is obtained by averaging the B/T for
different total stellar mass bin and has a very large uncertainty because B/T varies from less than 0.1 to about 0.7 for late-type galaxy (Gao et al. 2019).
b The energy from the literature indicates only the radiated energy over the period of observational campaign, and is corrected to infinity.
c The total stellar mass is estimated with the 2MASS apparent K-band magnitude K = 10.96 (Saxton et al. 2017) and the average stellar mass-to-light ratio (M/L) (Bell et al.
2003). This is only a rough estimate as we lack the host color information.
References—1Blagorodnova et al. (2017), 2Brown et al. (2018), 3Wevers et al. (2017),4van Velzen (2018), 5Holoien et al. (2016a), 6French et al. (2017), 7Brown et al. (2017),
8Holoien et al. (2014), 9Holoien et al. (2016b), 10Wevers et al. (2019b), 11Holoien et al. (2018), 12Arcavi et al. (2014), 13van Velzen et al. (2019b), 14Blagorodnova et al. (2019),
15Komossa et al. (2008), 16Graur et al. (2018), 17Palaversa et al. (2016), 18Gezari et al. (2012), 19Gezari et al. (2009), 20Gezari et al. (2008), 21Saxton et al. (2017), 22Leloudas
et al. (2019), 23Holoien et al. (2019b),24Wevers et al. (2019a), 25Holoien et al. (2019a), 26van Velzen et al. (2019a),27Hung et al. (2019), 28Nicholl et al. (2019), 29Chornock
et al. (2014)
nor after the maximum luminosity of the light curve of a TDE is larger than 30 days in the rest frame of
the source. We adopted 30 days as the upper limit of the observational time gap because the time of peak
accretion of a TDE of a solar-type star by BH of mass 106M is ∆tp ' 59days. The last requirement is
adopted in order that the BH mass can be calculated with the empirical MBH-σ∗. Based on the requirement,
the TDE candidates ROTSE Dougie and AT2018cow are not one of the sample sources because they have
off-nuclear locations, although the peaks of the light curves have been well detected (Vinkó et al. 2015;
Kuin et al. 2019; Margutti et al. 2019; Perley et al. 2019).
The 18 sample sources are identified and given in Table 1. All the sample sources except ASASSN-
14li and SDSS J0952+2143 have well observed peaks of light curves at the wavebands of discovery. The
peak brightness of light curves of TDE ASASSN-14li cannot be constrained in the optical/UV waveband of
discovery because the observational time gap before the first detection of the event of 2014 November 11 is
121-days in the observer frame or 118.6 days in the source frame (Holoien et al. 2016b), but be well detected
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in the soft X-ray waveband (Miller et al. 2015; Brown et al. 2017; Bright et al. 2018). TDE candidate SDSS
J0952+2143 was discovered with the detection of transient ultra-strong optical emission lines during the
spectral SDSS observations (Komossa et al. 2008) and has an unfiltered optical light curve from the Lincoln
Near Earth Asteroid Research (LINEAR) survey (Palaversa et al. 2016). In Table 1, the sample sources are
divided into two groups, one with and the other without observations of stellar velocity dispersion of host
galaxies. The BH masses of TDEs are calculated with the empirical relation of BH mass and stellar velocity
dispersion of bulge, namely the MBH −σ∗ relation.
Columns 1 and 2 of Table 1 give the names and redshifts of TDEs. The sample sources are listed accord-
ing to the increase of redshift. Columns 3 and 4 are the waveband and references of discovery, respectively.
Columns 5 and 6 give the host stellar velocity dispersions and the references. Both the luminosity-weighted
and central line-of-sight velocity dispersions of most of the TDE sample sources are measured in the litera-
ture and have no significant difference (Wevers et al. 2017, 2019b). The measurements of the stellar velocity
dispersions in Table 1 are not affected significantly by the disk of host galaxy. Column 7 gives the BH mass
obtained with the host stellar velocity dispersion in Col. 5 by the MBH −σ∗ relation. Extensive works on the
MBH−σ∗ relation have been published in the literature and indicate that the MBH−σ∗ relation depend on both
the type of host galaxy and the range of BH mass of sample sources (e.g. Kormendy & Ho 2013). Because
TDEs are expected to occur in all types of galaxies, the MBH −σ∗ relations obtained neither with the early-
nor late -type galaxies can give good estimates of the black hole masses of TDEs. We estimate the black hole
masses with the MBH −σ∗ relations obtained with all types of galaxies (Gebhardt et al. 2000; Ferrarese &
Merritt 2000; Ferrarese & Ford 2005; Graham et al. 2011; McConnell & Ma 2013; van den Bosch 2016; She
et al. 2017). Because the early- and late-type galaxies have their own MBH−σ∗ relations with different slopes
and zero points, the obtained MBH −σ∗ relation depends on the distributions of black hole mass of the sub-
sample galaxies. With the tabulated data of all types of galaxies (Kormendy & Ho 2013), She et al. (2017)
obtained the relation lg(MBH/M) = (8.32±0.05)+ (5.20±0.37) lg(σ∗/200kms−1) with an intrinsic scatter
of 0.44 dex. Because most TDEs are expected to be caused by a BH of mass less than 108M, here we calcu-
late the BH masses with the MBH−σ∗ relation, lg(MBH/M) = (8.32±0.04)+ (5.35±0.23) lg(σ∗/200kms−1)
with the intrinsic scatter of 0.49±0.03 dex (van den Bosch 2016), which are consistent with the results ob-
tained by She et al. (2017) (with differences ∆ lg(MBH/M) ranging from 0.04 for σ∗ = 110kms−1 to 0.08
for σ∗ = 55kms−1) but obtained with twice as large as most previously studied samples and many more low
mass objects. The uncertainties of the BH mass in Table 1 include both the observational uncertainties of
stellar velocity dispersion and the intrinsic scatter of the MBH −σ∗ relation. Although TDEs can occur in
all types of galaxies, the spectroscopical observations show that the host galaxies of most known TDEs are
E+A or post-starburst galaxies (Arcavi et al. 2014; French et al. 2016). Post-starburst galaxies are in tran-
sition between star-forming spirals and passive early-type galaxies and no MBH −σ∗ relation specifically for
post-starburst galaxies is available in the literature. We may estimate the black hole mass of post-starburst
galaxies by averaging the estimates of black hole mass obtained separately with the MBH −σ∗ relations for
early- and late-type galaxies. By averaging the MBH −σ∗ relations given for early- and late-type galaxies
(McConnell & Ma 2013), we obtain the interpolation MBH −σ∗ relation for TDEs,
lg(MBH/M) = 8.23+5.13lg(σ∗/200kms−1). (24)
The MBH −σ∗ relation given by equation (24) would be nearly independent of the distributions of black hole
mass of the sub-sample galaxies.
It was recently suggested that the BH mass may correlate with the total stellar mass of host galaxy (Reines
& Volonteri 2015). The relation of BH and total galactic stellar masses obtained from the AGN sample has
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been used to estimate the BH masses of TDEs in the literature (e.g. Gezari et al. 2017; Lin et al. 2017b;
Holoien et al. 2018; Saxton et al. 2019; Wevers et al. 2019b; Leloudas et al. 2019). Columns 8 and 9 list
the total stellar mass of the host galaxy and the reference and Column 10 is the BH mass estimated with the
MBH−Mtot relation, lg(MBH/M) = 7.45+1.05lg(Mtot/1011M) (Reines & Volonteri 2015). When more than
one measurement of the total stellar mass of host galaxy of TDE are available in the literature, we arbitrarily
adopted one of them in the calculations. For XMMSL1 J0740, no measurement of the total stellar mass of
host galaxy is available in the literature. We use the 2MASS apparent K-band magnitude K = 10.96 (Saxton
et al. 2017) and adopt the average mass-to-light ratio (M/LK) as a function of total stellar mass from the
appendix of Bell et al. (2003) to estimate the total stellar mass of the host of XMMSL1 J0740. Because
the stellar mass-to-luminosity ratio M/LK is color-based (although it is less sensitive in K-band) and we
lack the color information, the total stellar mass of host galaxy is only a rough estimate. We notice that the
BH mass of XMMSL1 J0740, MBH ∼ 107.05M, estimated from the total stellar mass is consistent with the
results of Saxton et al. (2017). Because it is difficult to compute the uncertainties of the total stellar mass of
host galaxy, the uncertainty of BH mass in Column 10 is only due to the scatter of the MBH −Mtot relation.
Col. 11 give the ratio (B/T) of the bulge and total stellar mass of host galaxy. Because the bulges of host
galaxies of most TDEs are not resolved, we estimate B/T from the empirical relation between the mass ratio
B/T and the total stellar mass of galaxy (Stone et al. 2018). The correlation of the mass ratio B/T and the
total stellar mass of galaxy has a very large scatters, for example, B/T of S0 galaxy can be as large as 0.7
and also as small as 0.1 (Gao et al. 2019). The total stellar masses of the sample galaxies in Gao et al. (2019)
are binned and the ratio B/T in Table 1 is the average for each bin of the total stellar masses and have very
large uncertainties.
In Table 1, Columns 12 and 13 give the peak bolometric luminosities and references, respectively. Ideally,
the peak bolometric luminosities would be obtained by integrating the spectral energy distribution (SED)
from the optical/UV to the X-ray waveband at the time of peak brightness. However, in practice, we can
never observe the EUV (because of Galactic extinction). Therefore, an extrapolation from a single or several
wavebands to obtain bolometric luminosity is always required. Different approaches have been followed
in the literature: Some authors only measured the luminosity in the observed band without any further
extrapolation. For an accretion disk of inner edge at the ISCO as an analogue of AGNs and black hole X-
ray binaries, the disk emissions are broader than a single black body and some authors applied a bolometric
correction of the kind we observe and apply in AGN, which can be up to a factor of 10 to account for an
unobservable EUV bump. However, for an elliptical accretion disk, the accretion disk is truncated at an inner
edge much larger than the ISCO, ain ' rms/(1 − ed) ∼ rmsamb/[(1 − emb)amb] ∼ [rms/rISCO][amb/rp]rISCO ∼
50βm−1/3∗ M
1/3
6 rISCO, the disk emissions at EUV and soft X-ray wavebands are expected to be much less
significant than those of standard thin accretion disk. The observed SEDs of TDEs can be fitted well by a
single black body and the emissions of standard thin accretion disk are much higher than the observational
constraints of the spectroscopies and SEDs of TDEs (e.g. Gezari et al. 2012; Holoien et al. 2014, 2016b;
Brown et al. 2017). Therefore, many authors approximated the observed SED by a single black body and
then determined the bolometric luminosity by integrating over this single black body. In our paper, we
follow the last method and calculate the bolometric luminosity by integrating over a single black body
for the optical and UV radiation and adding the observations of soft X-ray wavebands at the time of peak
brightness, except for the X-ray TDE XMMSL1 J0740. For XMMSL1 J0740, we used the bolometric
luminosity in Saxton et al. (2017). The optical/UV fluxes of TDEs are corrected both for the Galactic
extinction and starlights of host galaxy. No correction to the intrinsic dust extinction of host galaxies is made
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because no evidence of significant internal dust extinction is reported for most TDEs in the literature. The
optical emission line ratios between He II λ = 3203 and λ = 4686 suggests that the intrinsic dust extinction
of the host galaxy might be important for the TDE PS1-10jh (Gezari et al. 2012). However, the origin of
the broad optical emission lines remains unclear and is most probably either in the optically thick outflow
envelopes (Roth et al. 2016) or the highly eccentric optically-thick accretion disk (Liu et al. 2017), and the
ratio of optical emission lines may not be an implication of significant internal dust extinction of TDEs.
For GALEX D23H-1, significant global extinction may be measured with the Balmer decrement of the H II
region but the extinction in the line of sight to the flare may be different (Gezari et al. 2009). The optical
luminosities for most optical/UV TDEs except TDE candidate SDSS J0952+2143 are the integral of the
blackbody fit of the SED with the temperature obtained with multiple-waveband observations at the peak of
light curve. In case that the measurement of temperature at peak is not available, it is extrapolated with the
observations at time after peak with the assumption of constant temperature. For the TDE candidate SDSS
J0952+2143, only the unfiltered observations are available at the time of peak brightness. We approximated
the optical-UV SED with a black body of temperature 3.5×104 K (Komossa et al. 2008).
The X-ray luminosity at peak brightness of TDEs is included in the bolometric luminosity, when it is
available. The X-ray radiation at the time of peak brightness is either not detected or insignificant for most
of the optical/UV TDEs of the sample sources except for ASASSN-14li. Significant X-ray radiation is
detected at peak for ASASSN-14li (Brown et al. 2017). The optically selected TDE candidate GALEX
D1-9 was detected in X-ray after about 2.1 years after peak (Gezari et al. 2008). It is unclear if the source at
peak was bright in X-ray because no observation was made in X-ray. Significant X-ray radiation has been
detected at the late time after discovery for the optical TDEs ASASSN-15oi (Gezari et al. 2017), PTF09axc,
PTF09ge, and ASASSN-14ae (Jonker et al. 2019). However, the observations of these TDE sources at the
time of peak showed that they are extremely weak in X-ray. Therefore, it is possible that the optical TDE
GALEX D1-9 is also weak in X-ray at peak. The peak bolometric luminosity of GALEX D1-9 in Table 1
is the integral of the blackbody fit of the optical/UV SED at peak. Because it is difficult to estimate the
uncertainties of the peak bolometric luminosities, we arbitrarily assign an uncertainty of 0.2-dex (or about
60%) to each of the peak bolometric luminosity.
Columns 14 and 15 of Table 1 give the total radiation energies after peak and the associated references.
When the total radiation energy after peak in the literature is integrated up only to the end of observational
campaign, we calculate the total radiation energy ∆E by extrapolating the observations to infinity of time
with equation (16) except for ASASSN-14ae and PS18kh, and have
∆E =
∆E0
1−
[
Le/Lp
]1−1/n (25)
with n = 5/3, where ∆E0 given in the literature is the radiation energy integrated from the peak time tp to
the time t0 of the end of the observational campaign and Le is the luminosity at t0. For ASASSN-14ae, an
exponential decay is adopted because the bolometric luminosity is best fitted with an exponential (Holoien
et al. 2014). PS18kh re-brightens at about 50 days (rest-frame) after peak until 70 days after peak when
the observational campaign ends. We extrapolate the observations by assuming a power-law decay of the
luminosity given by Equation (16) and taking td from Holoien et al. (2019a). It is difficult to estimate the
uncertainties of the total radiation energy. We arbitrarily assign a 0.2-dex uncertainty to the total radiation
energy for simplicity.
4.2. Consistency of the expectations and observations
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Figure 2 gives the observations of the peak bolometric luminosity and the total radiation energy together
with the associated 0.2-dex uncertainties of the sample sources as a function of the BH mass calculated
with the MBH − σ∗ relation. Because the observational errors of the peak bolometric luminosity and the
total radiation energy after peak of nearly all the sample sources of TDEs are not given in the literature,
we arbitrarily assigned a 0.2-dex (or about 60%) uncertainties to each of the observations to include the
observational errors, the short-time scale variations, and the possibly missed radiation in Infrared and ex-
treme UV wavebands. Figure 2 shows that the observations of the peak bolometric luminosity and the total
radiation energy are consistent with the expectations of the elliptical accretion disk model with orbital pen-
etration factor β = 1, but much smaller than those expected with the canonical radiation efficiency η = 0.1.
The results suggest that the sample TDE source except SDSS J0952+2143 probably result from the tidal
disruptions of A-type or later stars by SMBHs of mass between 105M to 107M. The disrupted star of
SDSS J0952+2143 is probably an early A-type or late B-type star. This is consistent with the observations
that the host galaxies of most TDEs except SDSS J0952+2143 are post-starbursts with bursts of star for-
mation about gig-years ago and are deficient of B- and O-type stars but in rich of A- and later-type stars
(Arcavi et al. 2014; French et al. 2016; Graur et al. 2018; Law-Smith et al. 2017). The observations of host
galaxy of TDE SDSS J0952+2143 is a star-forming galaxy in rich of early B- or O-type stars (Palaversa
et al. 2016) and consistent with the spectral type of the disrupted star.
Figure 2 shows that the observations of the peak bolometric luminosity Lp and the total radiation energy
after peak ∆E are generally consistent with the expectations of the elliptical accretion disk but locate in
different regions of stellar mass. Equations (19) and (21) suggest that both the peak bolometric luminosity
and the total radiation energy after peak depend on both the masses of star and BH and the orbital penetration
factor β. Provided the BH mass MBH with the MBH-σ∗ relation, Lp and ∆E depend on both the mass M∗
and the orbital penetration factor β of star and the inconsistence of stellar masses required by Lp and∆E in
Figure 2 is probably because the penetration factor β of TDEs may not be exactly unit. Provided Lp, ∆E,
and MBH, we can solve the equations (19) and (21) to obtain the mass M∗ and orbital penetration factor β.
4.3. Mass of star and accreted fraction
With the observations of the BH mass MBH, the peak bolometric luminosity Lp, and the total radiation
energy after peak ∆E (or apparent accreted stellar mass ∆Mapp), we can solve the equations (19) and (21)
(or (22)) to obtain the mass and orbital penetration factor of star. We solve the equations with the method of
Monte Carlo Markov Chain (MCMC) using python package emcee (Foreman-Mackey et al. 2013), together
with the likelihood function
−
1
2
[
(lgLp − lgL′p)2
σ2L
+ ln(2piσ2L)+
(lg∆E − lg∆E ′)2
σ2E
+ ln(2piσ2E)
]
, (26)
where Lp and∆E are, respectively, the observations of the peak bolometric luminosity and the total radiation
energy after peak, L′p and ∆E
′ are, respectively, the estimates of equations (19) and (21) with the input
parameters (MBH, M∗, and β), σL of 0.2-dex is the uncertainty of the peak bolometric luminosity, and σE
of 0.2-dex is the uncertainty of the total radiation energy after peak. The prior parameters of the MCMC
experiments are the BH mass MBH, the stellar mass M∗, and the orbital penetration factor β of star. The
prior distribution of M∗ and β are uniform in the ranges of 0.01M < M∗ < 150M and 0.9 < β < 2.5,
respectively. The lower limit β = 0.9 is adopted to be about the lower limit of full disruptions of low mass
stars, while the upper limit β = 2.5 is due to the limitation of the hydrodynamic simulations (Guillochon &
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Ramirez-Ruiz 2013). Because both the peak bolometric luminosity Lp and the total radiation energy after
peak ∆E depend on the penetration factor β mostly because of the radiation efficiency η, the solutions of
equations (19) and (21) would give poor constraints of the penetration factor and are nearly insensitively to
the values of the upper and lower limits of β, except that no solution can be found within the range. The
prior distribution of the parameter MBH is given with a normal distribution whose mean and variance are,
respectively, the observation and uncertainties given in Column 7 of Table 1. The MCMC chain includes
100 walkers with each walker consisting of 104 steps. The first 50% of the steps of each walker are removed
for burn-in and one set of the parameters is saved every 5 steps for the rest of walker. For each walker, the
parameters begin with the local best-fit results from the least-squared method plus a small random offset.
Figure 3 gives the posterior distributions of model parameters (MBH, M∗, and β) of the MCMC exper-
iments and Table 2 gives the results of the parameters M∗ and β and the associated uncertainties at the
90-percent confidence level obtained with the MCMC method. Figure 3 shows that the BH and stellar
masses of TDEs can be well determined but the orbital penetration factor of star is constrained poorly,
which are consistent with the arguments for TDEs with ∆ = 0.25β3r−2∗ m
1/3
∗ M
5/3
6 . 1, or with β ∼ 1 and
MBH . 106.5M given at the end of Sec.3. Our MCMC experiments show that some TDEs may have two
solutions, one associated with main sequence star and the other associated with brown dwarf. It is possi-
ble because the main-sequence stars and brown dwarfs have significantly different relations of stellar mass
and radius with dramatical change from M∗ ∼ 0.07 to 0.08M: The radius increases with mass for main
sequence stars but decreases with mass for brawn dwarf. We do not simply remove the solutions associated
with the brown dwarfs. We compare the probabilities of the posterior distributions of the two solutions and
adopt the one with higher posterior probability to be the main solution of TDE. Figure 3 gives the posterior
distributions of the model parameters of the main solution. We give our conclusions based on the primary
solutions of the TDEs. However, when the two solutions have comparable probabilities of the posterior
distributions with the ratio of probability less than 3 : 1, we keep both solutions and give the secondary
solution in the row of Table 2 after the primary.
Figure 4 gives the masses of stars of the 11 TDEs obtained with the MCMC experiments, including both
the primary and secondary possible solutions of the stellar masses. Figure 4 and Table 2 shows that the stars
have spectral types in the range of from A- through M-type main sequence stars to brown dwarfs. Among
all the eleven sample sources with BH mass obtained with MBH-σ∗ relations, iPTF16fnl and GALEX D23H-
1 have two solutions with the primary solution associated with brown dwarf and the secondary associated
with main sequence star. The TDE iPTF16fnl has the lowest total radiation energy and the second lowest
peak bolometric luminosities after GALEX D23H-1. The spectral observations of the host galaxy show that
iPTF16fnl with light curves of decay timescales among the shortest is the nearest of the TDEs discussed in
our paper and has a BH of lowest mass at center (Blagorodnova et al. 2017; Onori et al. 2019). Therefore,
the main solution of iPTF16fnl associated with brown dwarf is most probably the actual solution of the
source. TDE GALEX D23H-1 has the lowest peak bolometric luminosity and is one of the sources with
the lowest total radiation energy, leading to the solution of brown dwarf. However, the low peak bolometric
luminosity and total radiation energy of GALEX D23H-1 might not be intrinsic but rather due to the possible
intrinsic dust extinction of host galaxy, because a global extinction may have been measured with the Balmer
decrement of the H II regions and the extinction in the line of sight to the flare might be important (Gezari
et al. 2009). Except iPTF16fnl and GALEX D23H-1, the other 9 sample sources with observations of BH
mass have solutions associated with late-type main sequence stars. The observations that the stars of the
TDE sources are late-type main sequences or brown dwarfs are well consistent with the observations of host
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Figure 3. Posterior distributions of model parameters (MBH, M∗, and β) and radiation efficiency (η) of the MCMC
experiments. The prior distribution of MBH is given with a normal distribution whose mean and variance are, respec-
tively, the observation and uncertainties given with the MBH −σ∗ relation. The contours are for 1, 2, and 3 σ. In the
histogram of MBH, dashed line indicate the BH mass at the peak of distributions and two dotted lines give the BH
mass ranges at the 90-percent confidence level.
galaxies that the host galaxies of most TDEs except SDSS J0952+2143 are post-merger E+A galaxies with
bursts of star formation about gig-years ago and are dominated with A-type stars and later (Arcavi et al.
2014; French et al. 2016, 2017).
When we calculate the peak bolometric luminosity with Lp = ηM˙pc2 and the total radiation energy
∆E = η∆M∗c2 with the radiation efficiency η given by Equation (9), we have implicitly assumed that
the peak bolometric luminosity is sub-Eddington. However, when the peak fallback rate M˙p is near or
above the Eddington accretion rate M˙Edd = LEdd/(ηc2), the peak luminosity Lp scales as (Paczynski 1980)
Lp ' LEdd
[
1+ lg
(
M˙p/M˙Edd
)]
because of the photon trapping and a significant fraction of radiation being
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advected onto the BH (Abramowicz et al. 1988). For TDEs with M˙p . M˙Edd, the peak luminosity and the
light curve of TDEs are capped with the Eddington luminosity. To compare the observations of TDEs with
the predictions of elliptical accretion disk model, we excluded the TDE candidates from the sample TDE
sources with a significant extended period of flat peak luminosity (most TDE candidates are in AGNs).
At the mean time, the transient surveys of TDEs have more priority to detect brighter sources. It is ex-
pected to preferentially detect TDEs with peak luminosity at or near Eddington luminosity. For Lp ∼ LEdd,
Equation (19) gives
m∗'
(
1.25
1.78
)6/(5+9ζ)[( η0
0.059
)( Aγ
1.328
)−1
β (1+∆)−1
]6/(5+9ζ)(
Lp
LEdd
)6/(5+9ζ)
M11/(5+9ζ)6
'0.706/(5+9ζ)
(
Lp
LEdd
)6/(5+9ζ)
M11/(5+9ζ)6 . (27)
For ζ ' 0.21, we have
m∗ ' 0.706/6.89
(
Lp
LEdd
)6/6.89
M11/6.896 . (28)
Figure 4 overplots the selection effects of Equation (28) for Lp = LEdd and Lp = 0.1LEdd. Taking into account
of the large intrinsic scatter of the MBH −σ∗ relation (σ = 0.49 dex or 3σ = 1.47 dex), Figure 4 shows that
the masses of star may correlate with the masses of BHs, consistent with the suggestion of Equation (28).
Provided MBH, M∗, and β, we can calculate the radiation efficiency of TDEs, η = η(MBH,R∗,M∗,β), with
equation (9) and the MCMC method. The posterior distributions of the radiation efficiency (η) of the
MCMC experiments are given in Figure 3 and the radiation efficiencies and associated uncertainties at
the 90-percent confidence level obtained with the MCMC method are given in Table 2. Figure 1 shows
the radiation efficiencies and associated uncertainties at the 90-percent confidence level as a function of
BH mass. The BH masses of TDEs are computed with the MBH-σ∗ relation of host galaxies and stellar
velocity dispersions in Table 1. Figure 1 shows that the radiation efficiencies of all the TDEs are much less
than the canonical value η = 0.1 popularly adopted for TDEs in the literature. All the TDE sources except
GALEX D23H-1 have a typical radiation efficiency lg(η) ' −2.57 or η ' 2.7× 10−3, which is about 37
times smaller than the canonical radiation efficiency. A low radiation efficiency would lead to a low peak
bolometric luminosity and total radiation energy with provided accretion rate of matter. Or, provided the
observations of the peak bolometric luminosity and the total radiation energy after peak, we should obtain a
much higher apparent accretion rate and total accreted stellar material with the low radiation efficiency than
what obtained with the canonical radiation efficiency in the literature. It suggests that the low bolometric
peak luminosity and total radiation energy of TDEs would result from the low conversion efficiency of
matter into radiation of elliptical accretion disk.
Table 2 and Figure 5 give the mass of accreted material ∆M∗ and its ratio to the mass of star (or the ac-
creted fraction of stellar mass)∆M∗/M∗ used in the MCMC experiments. The accreted stellar mass together
with the conversion efficiency give the expected total radiation energy ∆E ′ = η∆M∗c2 of Equation (26). In
Table 2 and Figure 5, we also give the associated uncertainties of∆M∗ and∆M∗/M∗ at the 90-percent con-
fidence level obtained with the MCMC experiments. Equation (20) shows that the relative accreted stellar
mass can be obtained with ∆M∗/M∗ ' (1 − n)−1AγBγ ' 1.5AγBγ , which depends on the stellar structure
and orbital penetration factor β (Lodato et al. 2009; Guillochon & Ramirez-Ruiz 2013; Golightly et al.
2019; Law-Smith et al. 2019; Ryu et al. 2019). In Figure 5, we also give the ∆M∗/M∗ for both γ = 5/3
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Table 2. Results of the MCMC experiments for the TDEs with BH mass provided.
Name M∗ β lg(η) ∆M∗ ∆M∗/M∗
(M) (M)
(1) (2) (3) (4) (5) (6)
iPTF16fnla 0.040+0.015−0.017 0.9
+1.4
−0.0 −2.68
+0.45
−0.12 0.012
+0.005
−0.005 0.34
+0.00
−0.09
0.081+0.054−0.008 2.5
+0.0
−1.3 −2.74
+0.18
−0.04 0.026
+0.011
−0.008 0.34
+0.00
−0.10
ASASSN-14li 0.46+0.49−0.38 0.9
+1.4
−0.0 −2.57
+0.54
−0.14 0.15
+0.13
−0.13 0.34
+0.00
−0.09
ASASSN-14ae 0.14+0.17−0.07 2.5
+0.0
−1.4 −2.69
+0.30
−0.06 0.043
+0.047
−0.022 0.34
+0.00
−0.09
ASASSN-15oi 0.88+0.56−0.79 0.9
+1.4
−0.0 −2.61
+0.65
−0.09 0.25
+0.17
−0.23 0.34
+0.00
−0.09
PTF09ge 0.16+0.21−0.08 0.9
+1.4
−0.0 −2.59
+0.35
−0.14 0.050
+0.060
−0.028 0.34
+0.00
−0.09
iPTF15af 0.66+0.42−0.57 2.4
+0.0
−1.4 −2.62
+0.56
−0.08 0.17
+0.14
−0.15 0.34
+0.00
−0.09
SDSS J0952+2143 3.03+21.55−2.35 0.9
+1.3
−0.0 −2.30
+0.53
−0.28 0.98
+0.71
−0.76 0.31
+0.01
−0.28
PS1-10jh 1.02+0.69−0.89 0.9
+1.4
−0.0 −2.55
+0.68
−0.13 0.32
+0.18
−0.29 0.34
+0.00
−0.09
PTF09djl 0.83+0.53−0.74 2.4
+0.1
−1.4 −2.61
+0.58
−0.10 0.24
+0.15
−0.21 0.34
+0.00
−0.09
GALEX D23H-1a 0.025+0.012−0.007 0.9
+1.4
−0.0 −1.40
+0.04
−0.41 0.0075
+0.0039
−0.0025 0.34
+0.00
−0.09
0.13+0.21−0.05 0.9
+1.3
−0.0 −2.57
+0.37
−0.13 0.042
+0.059
−0.020 0.34
+0.00
−0.08
GALEX D1-9 0.74+0.44−0.66 0.9
+1.4
−0.0 −2.54
+0.68
−0.14 0.23
+0.13
−0.20 0.34
+0.00
−0.09
aThe source has two possible solutions and the main one with higher probability is
given at the first entry.
NOTE—The BH masses are calculated with the MBH −σ∗ relation. The uncertainties
of model parameters are at the 90-percent confidence level obtained with MCMC
experiments.
and 4/3, and β = 1 calculated with the empirical formulae of Aγ and Bγ in the Appendix of Guillochon
& Ramirez-Ruiz (2013). Figure 5 shows that the total accreted material after peak of TDEs significantly
varies from about 10−2M of GALEX D23H-1 and iPTF16fnl to about 1M of SDSS J0952+2143 but the
relative accreted material to the total mass of star of TDEs except SDSS J0952+2143 is relatively constant
with∆M∗/M∗ ∼ 0.34, which is given by the hydrodynamic simulations of tidal disruption of low mass star
with polytropic index γ = 5/3. For SDSS J0952+2143, the star has a mass of about 3.03M and is described
with the hybrid model. The relative accreted stellar mass of SDSS J0952+2143 is close to the expectation
of the polytropic model γ = 5/3 but with very large uncertainties.
5. WEIGHING BLACK HOLES USING TDES
5.1. Deriving the BH and stellar masses with Lp and ∆E
It is essential to have an alternative to the MBH-σ∗ relation to calculate the masses of BHs, when a BH is
a member of a supermassive BH binary, or has an off-nuclear position, or in globular cluster. Equation (17)
and (20) show that provided both the peak accretion rate M˙p and the total accreted material ∆M∗, one
could uniquely determine the masses of BH and star by solving the equations. However, we cannot directly
measured M˙p and ∆M∗ but the peak bolometric luminosity Lp and the total radiation energy ∆E, which
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Figure 4. The stellar mass M∗ (filled circle) of the sample sources vs BH mass. Filled triangle is for the secondary
solutions of iPTF16fnl and GALEXD23H-1. The mass of star and associated uncertainty at 90% confidence level are
calculated with MCMC methods and provided BH mass. The stars of the sample TDE sources are late-type main-
sequences, consistent with the observations that the host galaxies of most TDEs are E+A post-starburst galaxies. The
dashed and dash-dotted lines are, respectively, the observational selection effects of Equation (28) for Lp = LEdd and
0.1LEdd (see Sec. 4.3 for detailed discussions).
depends not only the masses of BH and star but also on the radiation efficiency and thus also on the the
orbital penetration factor β. The masses of BH and star become functions of the penetration factor and
would be expected to be determined observationally with larger uncertainties. Figure 3 shows that, provided
the measurement of BH mass with the MBH-σ∗ relation, the orbital penetration factor β cannot be well
constrained with very large uncertainties of nearly the entire range of sampling 0.9< β< 2.5 for most TDEs.
The large uncertainties of the measurements of β are consistent with the arguments and conclusions of
Sec. 3 that the peak luminosity and total radiation energy of TDEs are nearly independent of the penetration
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Figure 5. Accreted stellar mass after peak (upper) and the relative accreted fraction (lower) vs BH mass of the sample
sources in Table 2. Lower: Dashed and dotted lines give, respectively, the expectations with the polytropic model
γ = 5/3 for low mass stars and γ = 4/3 for high mass stars for β = 1. The result of SDSS J0952+2143 with M∗ ' 3M
is obtained with the hybrid polytropic model and close to the expectation with the polytropic model γ = 5/3.
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factor for the range 0.7 . β . 2.1 and implies that the masses of BH do not significantly couple with
the penetration factor. Therefore, we expect to determine the masses of BH and star with fairly small
uncertainties by solving the equations equations (19) and (21) with the observations of Lp and ∆E. An
unrestraint penetration factor would not lead to significant increases of the uncertainties of the measurements
of the masses of BHs and stars.
With the observations of Lp and ∆E, we solve the equations with the MCMC method as described in
Sec. 4.3, except that the prior distributions of all the three parameters MBH, M∗ and β are now uniform in the
ranges 103M ≤MBH ≤ 109M, 0.01M <M∗ < 150M, and 0.9≤ β ≤ 2.5. The large ranges of masses of
BHs and stars require a large amount of computation costs. In order to enhance convergence rate of MCMC
experiments and alleviate the burden of computations, we start the MCMC experiments with β = 1 and the
masses of BH and star obtained by solving the equations (19) and (21) for β = 1 and the observations of
Lp and ∆E. We adopted β = 1 and the solutions of equations (19) and (21) for β = 1 as the initials of the
parameters of the MCMC walkers, because TDEs are expected to happen predominantly at β ∼ 1 (Stone &
Metzger 2016; Kochanek 2016). Because the results of the masses of BHs and stars of TDEs depends only
weakly on the penetration factor, in fact the solutions for β = 1 are good approximations of the results.
We solve the equations for all the TDEs in Table 1 and give the posterior distributions of the model param-
eters (lgMBH, M∗, and β) of the MCMC experiments in Figure 6 and Figure 7 for TDEs with and without
the observations of stellar velocity dispersion of host galaxies, respectively. In Figure 6 and Figure 7, we
also give the posterior distributions of the associated radiation efficiency lgη of the MCMC experiments.
When a TDE has two possible solutions with comparable posterior probabilities, we give the posterior dis-
tributions for the primary solution in Figure 6. Table 3 give the results of the masses of BH and star, the
radiation efficiency, and the associated uncertainties at the 90-percent confidence level obtained with the
MCMC experiments. The TDE sources in Table 3 are listed with the same oder as in Table 1. The posterior
distributions of the model parameters (MBH, M∗, β, and η) of the MCMC experiments in Figure 6 are closely
similar to those in Figure 3, implying that Lp and∆E only can determine the mass of star, penetration factor,
and radiation efficiency as well as when the BH masses are provided. In Figure 8, we compare the masses
of stars obtained with Lp and ∆E but without the knowledge of BH mass and those determined with Lp and
∆E together with the BH masses calculated with the MBH-σ∗ relation. Figure 8 shows that the stellar masses
are consistent with each other. Our results suggest that the mass of star of TDEs and the accreted matter can
be well determined with the peak bolometric luminosity Lp and the total radiation energy∆E only. Figure 9
gives the mass of star of all the TDE sample sources obtained with Lp and ∆E. Figure 9 shows that the dis-
tribution of the spectral types of star of the TDEs without observation of stellar velocity dispersions of host
galaxy is consistent with that of the TDEs with the observations of stellar velocity dispersions and the stars
of the TDE sample sources except iPTF16fnl and GALEX D23H-1 are A- or later-type main-sequence stars,
which are consistent with the conclusions obtained only with TDEs with the observations of stellar velocity
dispersions of host galaxies. Figure 9 shows that the X-ray TDE XMMSL1 J0740 has the largest stellar
mass for a given black hole mass. However, the difference is not significant and TDE XMMSL1 J0740 is
the only sample source discovered in the X-ray wavebands. Much more sample sources of X-ray discovery
TDEs are needed. The correlation of masses of star and BH may due to the observational selection effects,
as suggested by equation (28).
In Figure 10(a), we compare the BH masses of TDEs in Table 3 obtained with Lp and ∆E to those in
Table 1 calculated with the MBH-σ∗ relation. The one-to-one line and the intrinsic scatters of the MBH-
σ∗ relations are given to show the expected correlation and intrinsic scatters of the BH masses obtained
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Table 3. Results of the MCMC experiments for all the sample sources.
Name lg(MBH) M∗ β lg(η) ∆M∗ ∆M∗/M∗
(M) (M) (M)
(1) (2) (3) (4) (5) (6) (7)
iPTF16fnla 5.16+0.66−1.16 0.040
+0.015
−0.017 0.9
+1.4
−0.0 −2.68
+0.43
−0.13 0.012
+0.005
−0.005 0.34
+0.00
−0.09
4.96+0.51−0.45 0.082
+0.055
−0.008 2.5
+0.0
−1.3 −2.73
+0.17
−0.05 0.025
+0.013
−0.007 0.34
+0.00
−0.10
ASASSN-14li 5.88+0.53−0.55 0.41
+0.53
−0.33 0.9
+1.4
−0.0 −2.56
+0.53
−0.14 0.14
+0.13
−0.12 0.34
+0.00
−0.09
ASASSN-14ae 5.32+0.49−0.69 0.14
+0.18
−0.06 2.5
+0.0
−1.4 −2.69
+0.31
−0.06 0.043
+0.047
−0.022 0.34
+0.00
−0.09
ASASSN-15oi 6.03+0.49−0.78 0.89
+0.53
−0.81 2.3
+0.1
−1.3 −2.59
+0.63
−0.10 0.26
+0.16
−0.23 0.34
+0.00
−0.09
PTF09ge 5.57+0.53−0.45 0.15
+0.22
−0.07 0.9
+1.4
−0.0 −2.59
+0.35
−0.14 0.048
+0.060
−0.026 0.34
+0.00
−0.09
iPTF15af 5.89+0.50−0.71 0.57
+0.51
−0.48 2.5
+0.0
−1.4 −2.62
+0.57
−0.08 0.17
+0.15
−0.14 0.34
+0.00
−0.09
SDSS J0952+2143 6.65+0.64−0.72 2.99
+21.11
−2.35 0.9
+1.3
−0.0 −2.31
+0.54
−0.27 0.97
+0.72
−0.75 0.31
+0.01
−0.28
PS1-10jh 6.14+0.52−0.75 1.05
+0.64
−0.95 0.9
+1.4
−0.0 −2.57
+0.70
−0.12 0.30
+0.20
−0.27 0.34
+0.00
−0.09
PTF09djl 5.98+0.49−0.81 0.80
+0.55
−0.71 2.3
+0.1
−1.3 −2.61
+0.61
−0.09 0.24
+0.16
−0.21 0.34
+0.00
−0.09
GALEX D23H-1a 6.31+0.46−0.43 0.025
+0.012
−0.007 0.9
+1.4
−0.0 −1.40
+0.03
−0.43 0.0074
+0.0040
−0.0023 0.34
+0.00
−0.09
5.64+0.55−0.40 0.12
+0.22
−0.05 0.9
+1.3
−0.0 −2.58
+0.38
−0.13 0.047
+0.057
−0.024 0.34
+0.00
−0.08
GALEX D1-9 6.12+0.54−0.51 0.71
+0.47
−0.63 0.9
+1.4
−0.0 −2.54
+0.69
−0.14 0.20
+0.15
−0.18 0.34
+0.00
−0.09
XMMSL1 J0740 5.63+0.52−0.91 0.42
+0.52
−0.32 2.5
+0.0
−1.4 −2.65
+0.34
−0.07 0.13
+0.14
−0.09 0.34
+0.00
−0.09
AT2018dyb 5.82+0.51−0.69 0.46
+0.47
−0.38 2.4
+0.1
−1.4 −2.64
+0.53
−0.07 0.14
+0.12
−0.12 0.34
+0.00
−0.09
ASASSN-19bt 5.88+0.52−0.65 0.53
+0.51
−0.44 0.9
+1.4
−0.0 −2.59
+0.54
−0.12 0.16
+0.14
−0.14 0.34
+0.00
−0.09
AT2018fyk 6.27+0.52−0.79 1.39
+0.88
−1.24 0.9
+1.4
−0.0 −2.53
+0.72
−0.13 0.41
+0.27
−0.36 0.34
+0.00
−0.09
PS18kh 5.82+0.46−0.63 0.35
+0.41
−0.27 0.9
+1.4
−0.0 −2.64
+0.53
−0.08 0.11
+0.11
−0.09 0.34
+0.00
−0.09
AT2017eqx 5.56+0.51−0.66 0.25
+0.31
−0.18 2.5
+0.0
−1.4 −2.67
+0.43
−0.06 0.079
+0.081
−0.058 0.34
+0.00
−0.09
PS1-11af 5.71+0.52−0.55 0.28
+0.37
−0.20 0.9
+1.4
−0.0 −2.58
+0.44
−0.14 0.091
+0.097
−0.069 0.34
+0.00
−0.09
aThe source has two possible solutions and the main one is given at the first entry.
NOTE—Results of the MCMC experiments are obtained with no prior knowledge of BH masses.
A uniform prior distribution is adopted for the model parameters, including the BH mass. The
uncertainties of model parameters are at the 90-percent confidence level obtained with MCMC
experiments.
with the two different methods. The uncertainties of the BH masses calculated with the MBH-σ∗ relation
include both the observational uncertainties of the velocity dispersion and the intrinsic scatters of the MBH-
σ∗ relation. Figure 10(a) shows that the BH masses of all the TDEs except the TDE iPTF15af obtained
with Lp and ∆E are well consistent within about one-standard uncertainties with the BH masses obtained
with the MBH-σ∗ relation. The BH mass of TDE iPTF15af obtained with Lp and ∆E is smaller by 0.97-dex
or 1.8 times the uncertainties (0.53-dex) than the mass obtained with MBH-σ∗ relation. The UV spectra of
TDE iPTF15af have broad absorption lines associated with high-ionization states of N V, C IV, Si IV, and
possibly P V, requiring an absorber with column densities NH > 1023 cm−2 (Blagorodnova et al. 2019). The
optically thick gas could significantly absorb the soft X-rays, if present. However, the observations of soft
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Figure 6. Posterior distributions of model parameters and radiation efficiency of the MCMC experiments. The results
are for the TDE sources with observations of stellar velocity dispersion. A uniform prior distribution is adopted for
all the model parameters (MBH, M∗ and β). Contour plots are for 1, 2, and 3σ. In the histogram of MBH, dashed
line indicates the BH mass at the peak of distributions and two dotted lines give the mass ranges at the 90-percent
confidence level. The main solution is given if two solutions of a TDE are possible.
X-rays suggested that the radiation of soft X-rays in optically-discovery TDEs are much smaller than or at
most comparable to the radiation in optical and UV wavebands and the low value of the BH mass of TDE
iPTF15af obtained with Lp and ∆E may not be mainly due to the absorption of soft X-ray radiation but
to the intrinsic scatters of the MBH-σ∗ relation. In Figure 10(b), we overplot the black hole masses of the
TDEs obtained with Lp and∆E on the MBH-σ∗ relation plot of van den Bosch (2016). The data are adopted
from Table 2 of van den Bosch (2016), in which the black hole masses are obtained with stellar dynamics,
gas dynamics, megamasers and reverberation mapping. For comparison, Figure 10(b) also gives the several
popular results of MBH −σ∗ relation, which are obtained for all types of galaxies (Ferrarese & Ford 2005;
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Figure 7. Same as in Figure 6 but for the TDE sources without measurement of stellar velocity dispersions
McConnell & Ma 2013; She et al. 2017) and were recently used to estimate the black hole masses of TDEs
in the literature (Stone & Metzger 2016; Wevers et al. 2017, 2019b; Blagorodnova et al. 2017; Leloudas
et al. 2019). Kormendy & Ho (2013) only provided an updated MBH −σ∗ relation for galaxies with elliptical
and classical bulges and the MBH − σ∗ relation for all galaxies with the data tabulated by those authors
are given only recently (She et al. 2017). Figure 10(b) shows that the MBH − σ∗ relation for all galaxies
in the literature are nearly identical to each other and the BH masses obtained in this work locate in the
core regions of the correlation of the directly measured BH masses and stellar velocity dispersions with a
scatter comparable to the intrinsic scatter of the MBH-σ∗ relation. In Figure 10(b), the interpolation MBH −σ∗
relation of equation (24) is also shown and remarkably consistent with those for all types of galaxies in the
literature and the BH masses obtained in this work .
In Sec. 4, we showed observationally and theoretically that the bolometric luminosity and the total ra-
diation energy could properly include the EUV radiation by integrating over a single black body for the
optical and UV radiation and adding the observations of soft X-ray wavebands. The consistences of the BH
masses obtained in this paper and with the MBH −σ∗ relation also suggests that the conclusions are reason-
able. However, some deviations of the SEDs of TDEs from the single-temperature blackbody spectrum are
occasionally present in the observations of optical/UV TDEs and the contribution of EUV radiation in the
bolometric luminosity and the total radiation energy cannot be well constrained until the direct observations
of EUV radiation. Here we briefly discuss the effects of the EUV radiation on the results by arbitrarily
increasing by 0.5 dex the peak bolometric peak luminosity Lp and the total radiation energy∆E of the well-
known PS1-10jh in Table 1, which is equivalent to assume that the EUV radiation is about five times of the
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Figure 8. Stellar masses of sample sources with the black hole mass in the MCMC experiment given with the MBH−σ∗
relation (x-axis) vs as a free parameter (y-axis). Filled circles are for the main solutions of TDEs and the filled
triangle is for the secondary solutions of iPTF16fnl and GALEXD23H-1. The uncertainties are at 90% confidence
level obtained with the MCMC experiments. The stellar masses obtained with the two MCMC experiments are well
consistent with each other.
observations of the optyical/UV wavebands and the color index of the TDE does not significantly change
with time. We noticed that the hypothetical bolometric peak luminosity Lp = 1044.84 erg s−1 is about 11 times
the Eddington luminosity for BH mass lg(MBH/M) = 5.71 given by the MBH−σ∗ relation in Table 1 and the
hyper-Eddington of peak luminosity leads to the expectation of a top-capped light curve of characteristic
Eddington-limited luminosity, which is inconsistent with the observations of PS1-10jh (Gezari et al. 2012).
Here we neglect the inconsistence and investigate the effects of the possible missed EUV radiation on the
results. With the arbitrarily-assumed bolometric peak luminosity Lp and total radiation energy∆E, we solve
the equations (19) and (21) with the MCMC method. The results give a BH mass lg(MBH/M) = 6.39+0.74−0.82,
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Figure 9. Stellar mass vs black hole mass of the total sample sources. The masses of black hole and star and the
associated uncertainties at 90% percent confidence level are calculated with MCMC experiments. The sample sources
with and without measurements of stellar velocity dispersion of host galaxy are given with red and blue symbols,
respectively. Open circle is the X-ray TDE XMMSL1 J0740 and filled triangles are for the secondary solutions of
iPTF16fnl and GALEXD23H-1. The dashed and dash-dotted lines are, respectively, for the observational selection
effects of Equation (28) for Lp = LEdd and 0.1LEdd (see Sec. 4.3 for detailed discussions).
the star’s mass M∗/M = 2.87+18.75−2.44 , and the radiation efficiency lg(η) = −2.46+0.50−0.16. The results show that a
significant increase of the EUV radiation from about one up to about five times the observations in opti-
cal/UV would increase the radiation efficiency only by 0.11 dex, the BH mass by 0.25 dex, and the mass
of star from 1.05M to 2.87M. A star of mass M∗/M = 2.87 is an A-type main sequence star and is
roughly consistent with the constraint of the star-formation history of the host galaxy of PS1-10jh on the
highest mass of stars evolving off main-sequence (Figure 1 of French et al. 2017). An increase of the peak
bolometric luminosity and total radiation energy of PS1-10jh by 0.5 dex would lead to a moderate increase
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Figure 10. Left: Comparison between the black hole mass estimated in this paper (y-axis) and with the MBH −σ∗
relation (x-axis). Dashed line gives the one-to-one relation and dark and light grey regions denote one and two
times the intrinsic scatters of the MBH −σ∗ relation (van den Bosch 2016). The BH masses obtained with the two
different methods are well consistent with each other. Right: Correlation between black hole mass and stellar velocity
dispersions. BH masses obtained in this paper (red bullets) are over-plotted in the MBH −σ∗ relation of van den Bosch
(2016), which is derived with the data (dark bullets) in their Table 2. Dark to light gray regions denote one, two, and
three times the intrinsic scatters. The lines are the MBH −σ∗ relations for all types of galaxies in the literature and the
interpolation relation in this paper. The black hole masses of the sample TDE sources obtained in this paper closely
follow the MBH−σ∗ relation given by the measurements of black hole masses with the stellar dynamics, gas dynamics,
megamasers and reverberation mapping.
of the measurement of BH mass by 0.25 dex. The BH mass lg(MBH/M) = 6.39 is consistent within 2σ
with the BH mass lg(MBH/M) = 5.71+0.59−0.60 obtained with the MBH −σ∗ relation. The results show that the
EUV radiation, if significant, would not change our conclusions.
5.2. Black hole masses with the MBH −Mbulge relation
In Sec. 5.1, we computed the BH masses with Lp and ∆E and showed that they are well consistent with
the BH masses calculated with the MBH-σ∗ relation. In addition to the MBH-σ∗ relation, the BH masses can
also be calculated with the bulge mass Mbulge of host galaxies with the MBH−Mbulge relation (Magorrian et al.
1998) and the MBH −Mbulge relation for classical bulges and ellipticals has the same intrinsic scatter as the
MBH-σ∗ relation (Häring & Rix 2004; Kormendy & Ho 2013). However, it is noticed in the literature that
the BH masses of TDEs derived with the MBH-Mbulge relations are systematically higher than those obtained
with the MBH-σ∗ relation (Wevers et al. 2017; Gezari et al. 2017; Mockler et al. 2019) and the BH masses
of AGNs are also an order of magnitude smaller than those calculated with the MBH-Mbulge relation. There
are several possible explanations for the discrepancy: (1) TDEs are expected to occur in dwarf galaxies and
it is difficult to spatially resolve the bulge of the host galaxies of TDEs and to obtain accurate estimate of
the bulge mass and (2) the host galaxies of most TDEs are E+A galaxies or post-starburst galaxies (Arcavi
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et al. 2014; French et al. 2016), which are in transition between late-type spirals and passive early-type
galaxies and have central overdensity of star with reference to the galaxies deriving the MBH-Mbulge relation
(French et al. 2017). It was recently suggested that the BH masses of TDEs obtained with the MBH-Mbulge
and MBH-σ∗ relations may be roughly consistent with each other, if the MBH-Mbulge relation for all types of
host galaxies are used and the B/T ratio of host galaxies of TDEs are estimated with the relation of the total
stellar mass of galaxies and the B/T ratio averaged over all types of galaxies (Wevers et al. 2019b). Here
we follow the approach to estimate the BH masses. We estimate the B/T ratio of host galaxies of the TDE
sample sources using the the empirical relation of the total stellar mass of galaxy and the averaged bulge-
to-total mass ratio (B/T) obtained for all types of galaxies (Stone et al. 2018). The results of the ratio B/T
are given in Table 1 and have very large uncertainties. Following Wevers et al. (2019b), we estimate the BH
masses of the TDE sample sources using the MBH-Mbulge relation for total galaxies (Häring & Rix 2004). In
Fig. 11 we overplot the BH masses obtained with the MBH-Mbulge relation on the MBH-MBH plot. Because
it is difficult to estimate the uncertainties of the total stellar masses and the ratio B/T, the uncertainties of
the BH masses obtained with the MBH −Mbulge relation in Fig. 11 include only the intrinsic scatters of the
MBH −Mbulge relation and the real uncertainties of the BH masses are much larger than the ones quoted here.
After taking into account of the large uncertainties of the BH masses, Fig. 11 shows that the BH masses
with the MBH −Mbulge relation are largely consistent with the BH masses obtained from Lp and ∆E in this
paper and from the MBH-σ∗ relation, although a small systematic difference may be possible.
It is well known that the BHs in quiescent galaxies do not correlate with galaxy disks (Kormendy & Ho
2013, and references therein). It was shown recently that the BH masses of local AGNs may correlate with
the total stellar mass of host galaxies Mtot with an intrinsic scatter 0.55 dex (Reines & Volonteri 2015). The
relation of BH masses and total stellar masses of host galaxies of AGNs is used to estimate the BH masses
of TDEs in the literature in particularly when the observations of stellar velocity dispersions of TDEs is not
available (e.g. Komossa et al. 2004; Gezari et al. 2017; Lin et al. 2017a,b). We calculate the BH masses of
the TDE sources with the total stellar masses of host galaxies in Table 1 and the MBH −Mtot relation (Reines
& Volonteri 2015) and give the results in Table 1. We overplot the results of BH masses on the MBH-MBH plot
in Fig. 11. Fig. 11 shows that the BH masses with the MBH −Mtot relation are broadly consistent with both
the BH masses obtained in this paper and with the MBH-σ∗ relation, although a small systematic difference
cannot be excluded.
5.3. BH masses obtained by fitting the light curves of TDEs
In this paper we suggest to measure the masses of BHs and stars of TDEs by jointly fitting the observations
of the peak bolometric luminosity and the total radiation energy with the peak fallback rate of matter and
the total accreted material. In the calculations, we use the conversion efficiency of matter into radiation with
the elliptical accretion disk model suggested in Liu et al. (2017). Mockler et al. (2019) recently proposed to
measure the BH masses by fitting the well observed light curves of TDEs with the simulations of the fallback
rate of stellar debris (Guillochon & Ramirez-Ruiz 2013). In the calculations the conversion efficiency of
matter into radiation is assumed to be a constant free parameter of agnostic physics origin (Mockler et al.
2019).
Figure 12 plots the BH masses of the TDEs obtained in this work and in Mockler et al. (2019). We
do not compare the masses of star of TDEs obtained with the two methods, because the fitting of light
curves cannot give constraints of the stellar mass due to the strong degeneracy of stellar mass and the orbital
penetration factor (Mockler et al. 2019). In Figure 12, we overplot the BH mass obtained with the MBH-σ∗
relation for comparison. Figure 12 shows that the BH masses obtained by fitting the light curves are roughly
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Figure 11. Comparison between the black hole masses obtained in this paper (y-axis) and with the total and bulge
masses of host galaxy (x-axis). Filled pentagon is for BH masses obtained with the MBH −Mbulge relation. Results
obtained with the MBH −Mtot relation are given with filled circles. The open pentagon and open circle are for the
X-ray TDE XMMSL1 J0740. The BH masses calculated with the MBH −σ∗ relation are over-plotted with filled square
for comparison. Filled triangle is for the secondary solutions of iPTF16fnl and GALEXD23H-1. Dashed line is the
one-to-one relation and the dark to light grey regions give one, two and three times the intrinsic scatter of the MBH−σ∗
relation.
consistent with the BH mass obtained with Lp and ∆E and the MBH-σ∗ relation, although it is clear that the
BH masses obtained by fitting the light curves of TDEs would give systematically larger BH masses than
both our method and the MBH-σ∗ relation. It has already noted in the literature that the method of fitting the
light curves systematically higher black hole masses than the MBH-σ∗ relation (Mockler et al. 2019). Among
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Figure 12. Comparison of the black hole masses obtained in this paper (y-axis) and with fitting the multiwavelength
light curves of TDEs (Mockler et al. 2019) (x-axis). BH masses calculated with the MBH −σ∗ relation are over-plotted
with filled square for comparison. Dashed line is the one-to-one relation and the dark to light grey regions give
one, two and three times the intrinsic scatter of the MBH −σ∗ relation. The BH masses measured with the different
observational properties of TDEs are largely consistent with each other.
all the sample sources, the TDE GALEX D1-9 has the largest difference of BH masses. The fit of the light
curve of GALEX D1-9 gives the BH mass about 6.6× 107M (Mockler et al. 2019), about two orders of
magnitude larger than that (105.71M) obtained with the MBH-σ∗ relation and about fifty times larger than
the measurement 106.12M in this paper.
6. DISCUSSION AND CONCLUSION
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Liu and colleagues recently suggested that the accretion disk of TDEs is large and highly eccentric and the
orbital eccentricity of the disk fluid elements remain nearly constant during the accretion onto the black hole
(Liu et al. 2017; Cao et al. 2018). Here we calculated the radiation efficiency of the elliptical accretion disk
model for TDEs. Our results show that the radiation efficiency of highly eccentric accretion disk depends on
the masses of black hole and star and the orbital penetration factor of star and would significantly vary with
TDEs. The radiation efficiency of the elliptical accretion disk model could be as small as 10−3, or about two
orders of magnitude smaller than the typical radiation efficiency η = 0.1 adopted for TDEs in the literature.
Based on the elliptical accretion disk model, we calculate the expected peak luminosity and total radiation
energy after peak of TDEs, which can be well determined observationally.
We compile from the literature the observational data of peak bolometric luminosity and total radiation
energy after peak of a sample of 18 non-jetted TDEs in quiescent galaxies. Among the 18 sample TDE
sources, 11 TDEs have available measurements of the stellar velocity dispersion of host galaxy and the
black hole masses are calculated with the MBH−σ∗ relation. We show that the expectations and observations
of the peak bolometric luminosity and total radiation energy of TDEs are well consistent with each other.
The low peak luminosity and small mass accretion of TDEs are due to the unusually low radiation efficiency
of elliptical accretion disk and require neither alternative explanations for the transient sources (e.g. Saxton
et al. 2018) nor a miss of major released energy in extreme-UV (e.g. Lu & Kumar 2018).
Provided Lp and ∆E, we uniquely determined the mass of star through the equations (19) and (21) and
calculated the radiation efficiency of the sample TDE sources with and without the provided black hole mass
using the MCMC experiments. The radiation efficiency is generally a free parameter of agnostic origin in
modeling the observations of TDEs in the literature (e.g. Liu et al. 2014; Mockler et al. 2019). Based on
the properties of the accretion disk obtained by modeling the profiles of the broad optical emission lines,
the radiation efficiency of the TDE PTF09djl and ASASSN-14li are given, respectively, lgη ' −2.38 (Liu
et al. 2017) and lgη ' −2.43 (Cao et al. 2018), well consistent with the results lgη = −2.61+0.58−0.10 for PTF09djl
and lgη = −2.57+0.54−0.14 for ASASSN-14li in this paper. The radiation efficiencies of a sample of TDEs are
recently obtained by fitting the light curves with the fallback rate of stellar debris (MOSFiT, Mockler et al.
2019). However, the uncertainties of the MOSFiT results are very large because the radiation efficiency
with MOSFiT method is strongly degenerate with the stellar mass ranging from 0.01M to 100M and
cannot be determined uniquely. As an example, Table 5 of Mockler et al. (2019) gave the results of the TDE
PS1-10jh obtained with different stellar masses. They showed that the radiation efficiency changes from
η = 0.9× 10−1 for M∗ = 0.1M, through η = 3.8× 10−3 for M∗ = 1.0M, to η = 4× 10−4 for M∗ = 10M.
No strong prior can be given to the stellar mass and the uncertainty of the radiation efficiency of PS1-
10jh obtained with the MOSFiT method can be as large as up to about 3 dex, which is much larger than the
quoted uncertainty of the fiducial value η = 0.09+0.03−0.02 (Mockler et al. 2019). In this paper, the stellar mass and
radiation efficiency of TDE PS1-10jh can be uniquely determined and from Table 2 are M∗ = 1.02+0.69−0.89M
and lg(η) = −2.55+0.68−0.13. Our results are significantly smaller than the fiducial value of the MOSFiT method.
Interestingly, our results are well consistent with the test result of M∗ = 1.0M and η = 3.8× 10−3 (or
lgη = −2.42) of the MOSFiT method. With the caveats of the large systematic uncertainties with the results
of MOSFiT method, we conclude that the radiation efficiencies obtained in this paper and with the MOSFiT
method may be consistent with each other. The low radiation efficiency of typical value obtained with the
elliptical accretion disk model of Liu et al. (2017) is reasonable. The sample of TDE sources except TDE
GALEX D23H-1 have a typical radiation efficiency η ' 2.7× 10−3, which is about 37 times smaller than
the typical radiation efficiency η = 0.1 adopted for TDEs in the literature.
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With provided total radiation energy, a low radiation efficiency implies a large accreted matter onto black
hole. We calculate the amount of accreted stellar matter after peak and its ratio to the mass of star and show
that the accreted matter after peak of the sample TDE sources are in the range of about 10−2M to 0.97M
and are about 34% of the mass of star. The fraction 34% is the expectation of hydrodynamic simulations
of tidal disruption of low mass star with polytropic index γ = 5/3 and orbital penetration factor β ∼ 1. Our
model does not calculate the accreted matter before peak and we cannot estimate the total accreted stellar
matter of TDEs. Because the total radiation energy before peak is significant, the total accreted matter
could be up to about half of the mass of star, consistent with the expectation of total accretion of the tidal
disruption of star. The results imply that most of the orbital kinematic energy of the stellar debris is advected
onto the BH instead of being converted into radiation and emitting in EUV, as suggested in the literature
(e.g. Lu & Kumar 2018), and that the low peak bolometric luminosity and total radiation energy or the
apparent accreted matter of the optical/UV nuclear transients do not require an alternative explanation as
suggested in Saxton et al. (2018).
The star of the sample TDE sources except SDSS J0952+2143 has mass in the range of M∗' 2.5×10−2M
and 1.4M and a spectral type ranging from brown dwarfs to late A-type main sequence. The absence of
B and O type stars of the TDE sample sources is consistent with the observations that the host galaxies of
most TDEs are E+A galaxies and have a burst of star formation in a few Gig-years ago (Arcavi et al. 2014;
French et al. 2016). The mass of the star of the TDE SDSS J0952+2143 is about 3.0M and consistent with
that the host galaxy of TDE SDSS J0952+2143 is a star-forming galaxy of rich young stars (Palaversa et al.
2016).
With the observations of the peak bolometric and the total radiation energy after peak, we can uniquely
determine the masses of black holes of the sample TDE sources. The black hole masses of TDEs obtained
in this paper are consistent with those obtained with the classical MBH −σ∗, MBH −Mbulge, and MBH −Mtot
relations. It was noticed in the literature that the black hole masses of TDEs given with the MBH −Lbulge or
MBH −Mbulge relation are much larger than those calculated with the MBH −σ∗ relation. Our results suggest
that the discrepancy of the measurements of the black hole masses of TDEs obtained with the two classical
relations of black hole mass and the properties of host galaxies are most probably due to the difficulties to
accurately measure the mass of the bulge of host galaxies.
The black hole masses of many of our sample TDE sources were recently calculated by analyzing the
multi-waveband light curves with MOSFiT method (Mockler et al. 2019). The black hole masses of the
TDEs obtained in this paper and with MOSFiT are largely consistent with each other with some exceptions.
The black hole mass measurement with MOSFiT method gives MBH = 6.6×107M for GALEX D1-9 and
MBH = 1.7× 107M for PS1-10jh (Mockler et al. 2019), which are, respectively, about 50 times and 12
times larger than the measurements of 106.14M and 106.12M in this paper. It has also been noticed in the
literature (Wevers et al. 2017, 2019b) and in this paper that the measurements of the black hole masses of
GALEX D1-9 and TDE PS1-10jh with MOSFiT are, respectively, much larger than the measurement of
105.71M calculated with the MBH −σ∗ relation. The black hole mass in the MOSFiT method is determined
primarily by fitting the rising-to-peak timescale of the multi-waveband light curves with the expected time
of peak fallback rate with the assumption of prompt circularization of the bound debris streams (Mockler
et al. 2019). However, a prompt circularization of stellar debris streams and rapid formation of accretion
disk are expected only for tidal disruptions of star with orbital pericenter about the gravitational radius of
black hole and a slow circularization of debris streams is expected for tidal disruptions of star by black hole
of mass ∼ 106M and with penetration factor β ∼ 1 (Shiokawa et al. 2015; Bonnerot et al. 2016; Hayasaki
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& Loeb 2016; Dai et al. 2015). Provided the rising-to-peak timescale of the light curves of TDEs, a slower
circularizations of debris stream leads to a shorter timescale of peak fallback rate and would results in a
smaller mass of black hole.
Among the 18 sample TDE sources, eleven have the measurements of stellar velocity dispersion of host
galaxies. When the black hole masses obtained in this paper are over-plotted on the MBH −σ∗ diagram of
the black hole masses measured with the stellar dynamics, gas dynamics, megamasers and reverberation
mapping, the black hole masses obtained in this paper share the same MBH −σ∗ relation as the black hole
masses measured with direct methods and distributes at the low mass region of the MBH −σ∗ diagram. The
results indicate that the method in this paper can give an independent measurements of black hole mass as
accurately as the dynamic methods and test the MBH−σ∗ relation at low black hole mass. We have calculated
the black hole masses of the 7 sample TDE sources without measurement of stellar velocity dispersions of
host galaxies. It would be interesting to observe the stellar velocity dispersion of host galaxies and compare
the masses of black hole obtained in this paper and the MBH −σ∗ relation in the future.
The measurements of the masses of black holes and stars of TDEs obtained in this paper are determined
mainly by the absolute peak brightness and the total radiation energy integrated over the light curves after
peak and depend very weakly on either the shapes of the light curves or the properties of star. The well
consistences between the black hole masses of the sample TDE sources obtained in this paper and with the
MBH−σ∗ relation and between the fractions of accreted stellar mass inferred in this paper and the expectation
of the hydrodynamic simulations of stellar tidal disruptions well justify the elliptical accretion disk model of
large size and invariant extreme eccentricity (Liu et al. 2017; Cao et al. 2018). An elliptical accretion disk of
large size and extreme eccentricity usually has a sub-Eddington luminosity for black hole of mass& 106M
and is significantly super-Eddington only for tidal disruption of main-sequence star by intermediate mass
black holes with mass MBH. 105M. An accretion disk of sub-Eddington luminosity is cool and radiatively
efficient and emits luminosity closely following the fallback rate of stellar debris. A large and extremely
eccentric accretion disk emits energy peaking at the optical/UV wavebands with typical temperature T ∼
104 K and has an emission region of about the semimajor axis of the most bound stellar debris amb (Liu et al.
2017; Cao et al. 2018). The radiation of the elliptical accretion disk are consistent with the observations of
optical/UV TDEs and no optically thick envelope is needed. No strong disk wind or outflow is expected
to form in the surface of a cool sub-Eddington accretion disk. However, a small fraction of fallback matter
may become unbound and form outflows due to the shocks of the stream collisions at the apogee of the
elliptical disk (Jiang et al. 2016) and absorptions may be detected in the spectra of some TDEs.
7. SUMMARY
We have calculated the radiation efficiency of the elliptical accretion disk model for TDEs and investigated
its implications of the observations of TDEs. We showed that the low peak bolometric luminosity and
small total radiation energy of TDEs result from the low radiation efficiency of the elliptical accretion disk.
Provided the observations of the peak bolometric luminosity and the total radiation energy after peak, we
can derive the masses of the black holes and stars of TDEs, because the peak bolometric luminosity and the
total radiation energy depend on the masses of BHs and stars and are nearly independent of the penetration
factor for TDEs with 0.7. β . 2.1 and MBH . 106.5M. While for TDEs with β & 2.5 or MBH & 106.7M,
the masses of the black holes and the orbital penetration factor can be well determined, because the peak
bolometric luminosity and the total radiation energy depend on the mass of BHs and the penetration factor
and are nearly independent of the mass of star.
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As the method in this paper does not require the knowledge of the properties of the host galaxies, it can be
used to measure the masses of off-center recoiling BHs and galaxy mergers, the masses of the intermediate
mass black hole in globular star clusters, or the masses of primordial BHs wandering in galactic disks or
halo. Having an alternative BH mass estimation is also of great interest for classical galaxies with central
SMBHs, because (1) in dwarf galaxies, accurate σ∗ measurements require deep exposures with very high
spectral resolution, (2) σ∗ measurements become more difficult for high-z sources, and (3) upcoming and
next-generation sky surveys are expected to detect TDEs in the 1000s, and high-sensitivity high-resolution
optical follow will rarely be feasible for so many sources. Finally, we would like to emphasize again that
BH-host scaling relations have been little explored below BH masses of ∼ 106M, and TDEs offer an
excellent chance to explore this further once found in large numbers in the future.
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